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INTRODUCTION

Iron-sulfur proteins constitute a group of elec-
tron transport proteins (ferredoxins) and oxida-
tion-reduction enzymes whose function is now
known to be central to such important cellular
processes as photosynthesis, nitrogen fixation,
respiration, and carbon dioxide fixation. The
relationship between the ferredoxin electron car-
riers and iron-sulfur-containing oxidoreductases
may be thought of as analogous to that between
cytochromes and heme-containing enzymes, re-
spectively. The ferredoxins differ from their cy-

tochrome counterparts in that they generally
function at negative oxidation-reduction poten-
tials (—340 to —480 mV), although in recent
years iron-sulfur centers in some enzymes have
been determined to be as positive as +50 mV,
and the high-potential iron protein (HiPIP), a
ferredoxin of unknown function, has a redox
potential of approximately +350 mV.

The distinguishing feature of iron-sulfur pro-
teins is the prosthetic group, which contains
iron, commonly referred to as nonheme iron
(16), bound to the peptide chain through four
cysteinyl-sulfur ligands. The simplest group of
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nonheme iron proteins, the rubredoxins, contain
a single iron atom bound to the peptide by four
cysteinyl-sulfur bonds. Because rubredoxins lack
inorganic sulfur, a characteristic common to the
vast majority of iron-sulfur proteins, they are
not discussed here (see Lovenberg [162] for a
review of this topic). The classical nonheme iron
proteins contain inorganic or “acid-labile” sulfur
(designated S*) in addition to the nonheme iron
atoms. The term acid-labile as a description for
the sulfur atoms in the prosthetic group recog-
nizes that the sulfur has a —2 valence and that
acid treatment liberates it as H.S during dena-
turation of the protein. The current concept
concerning the iron-sulfur protein prosthetic
group is that it is limited to clusters of either
two irons and two sulfides (Fe;S,*) or clusters of
four irons and four sulfides (Fe,S,*) (Fig. 1). Any
individual protein would therefore contain one
or more copies of these basic Fe-S structures. In
a number of iron-sulfur enzymes, one or more of
these clusters function in conjunction with
heme, flavin, pteridine, or molybdenum cofac-
tors or with a combination of these cofactors. In
the molybdenum-containing enzymes there is
the possibility that an iron-sulfur-molybdenum
center may also exist and play an important role
in nitrogenase (215), whereas the evidence for
similar centers in xanthine oxidase and certain
nitrate reductases is less convincing.

In the 15 years since Bacteriological Reviews
published what appears to be the first review
article on iron-sulfur proteins (290), over 100
iron-sulfur proteins have been isolated from var-
ious plant, mammalian, and bacterial sources
and studied in varying detail, resulting in over
1,000 research publications. Because of this
enormous literature, this review focuses only on
the bacterial iron-sulfur proteins, and further-
more, it is restricted to the more recent devel-
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FiG. 1. (A) Proposed model of an Fe;S,* cluster of
ferredoxin. (B) Model of an Fe,S,* cluster of a bac-
t_erial ferredoxin derived from X-ray diffraction stud-
ies.
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opments in this field. It is our goal to discuss the
physical and chemical nature of the bacterial
iron-sulfur clusters as they are found in enzymes
and ferredoxins and to relate this information to
the general physiology of the cell. More detailed
information on individual iron-sulfur proteins
and the function of these proteins, including
those from plant and animal sources, may be
found in recent books edited by Lovenberg (163),
the definitive source, and Neilands (194) and in
review articles (170, 223).

FERREDOXINS
Properties of Fe:S.,* Ferredoxins

Although it was thought for some time that
the 2Fe-2S* ferredoxins were restricted to plant
chloroplasts (266) and blue-green algae (cyano-
bacteria) (249) (they are still referred to as
“plant-type” ferredoxins), they have also been
found in bacteria (Table 1); however, they are
relatively rare compared to those with tetranu-
clear iron clusters (see Table 2).

The structure of the Fe.S.* cluster (Fig. 1A)
was originally derived indirectly from a large
body of magnetic and spectroscopic data (39, 77,
283), and a recent X-ray crystallographic analy-
sis of a two-iron ferredoxin from Spirulina pla-
tensis has confirmed this structure (287). The
iron atoms of the Fe,S,* cluster are bound to the
polypeptide chain by four cysteinyl-sulfur resi-
dues and to each other by two bridging labile
sulfur ligands. The iron atoms are nearly tetra-
hedral in their coordination to the four sulfur
atoms.

Iron-sulfur compounds of the general formu-
lation [Fe;S; (SR).J*~ have been synthesized and
crystallized, and X-ray analyses of these crystals
have shown their structure to be nearly identical
to that of the 2Fe-2S cluster shown in Fig. 1
(173). Furthermore, the observation that the
Fe;S,* center from the ferredoxin of Spirulina
maxima (a cyanobacterium) can undergo thiol-
ate substitution reactions to form a product in-
distinguishable from the synthetic analog (219)
provides additional evidence that the Fe,S,*
centers of the two-iron ferredoxin and the syn-
thesized cluster are identical. In the extrusion
reaction (121) thiolate groups, RS—, substitute
for the cysteinyl sulfur which binds the Fe-S
group to the peptide, allowing the iron-sulfur
core (either Fe,S,* or Fe,S,*) to be removed
intact from the peptide. This reaction is shown
by the equation:

[FesS:*(SR).J*” + 4R'SH
= [Fe:S:*(SR').)*” + 4RSH
where R'SH represents thiol.
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TABLE 1. Properties of bacterial Fe,S,* ferredoxins

Redox EPR properties
poten-
Compound Mol wt tial Biological function Reference(s)
(Em) g values Symme-
(mV) try

Pseudomonas putida ferredoxin 12,000 -—-235 1.94,2.01 Axial Camphor hydroxylation 63, 282
Halobacterium halobium ferre- 14,800 —345 1.90,1.97, 2.07 Rhombic a-Keto acid oxidation 142

doxin
Escherichia coli ferredoxin 12,600 -380 1.94, 2.02 Axial Unknown 147, 296
Agrobacterium tumefaci ferre- ND* —-223  1.94, 2.02 Axial Unknown 293

doxin :
Clostridium pasteurianum para- 25000 —300 1.94,1.96,2.0 Rhombic Pyruvate oxidation 52, 115

magnetic protein
Azotobc:cter vinelandii Fe-S pro- 21,000 -350 192, 1.94,2.02 Rhombic Unknown 72, 157, 240

tein I
Azotobacter vinelandii Fe-S pro- 21,000 -225 191,193,203 Rhombic Protection of nitrogenase 21, 157, 233,

tein II from O, 240
Nostoc strain MAC ferredoxin 1 12,0560 -350 1.92,1.96,2.06 Rhombic Photosynthesis, N, and 49, 127, 128

NO;™ reduction

Nostoc strain MAC ferredoxin II 12,250 —455 ND ND ND 49, 127, 128

% ND, Not determined.

® Not to be confused with A. vinelandii ferredoxin I (Table 2).

Electron paramagnetic resonance (EPR) spec-
troscopy, which reveals paramagnetic centers,
shows that the reduced Fe;S.* center has a
prominent signal at g = 1.94, as shown in Fig. 2
by the two-iron center of the spinach ferredoxin.
(An exception to this is the Rieske protein
[225], which is discussed in detail below.) Evi-
dence suggests that the Fe;S,* cluster of a fer-
redoxin has only two oxidation states. Mass-
bauer spectroscopy data indicate that both iron
atoms are in the ferric state in the oxidized
cluster and that, on reduction of the cluster by
a single electron, one of these iron atoms is
reduced to the ferrous state (77, 102) and the
iron-sulfur cluster becomes paramagnetic due to
the unpaired electron on the ferric atom. The
EPR data, along with the data derived from
studies of the 2Fe-2S analogs, indicate that the
Fe,S.,* cluster in both ferredoxins and iron-sulfur
enzymes functions between the (Fe»S,*S")*"
and (Fe:S:*S,)%" valence states. The midpoint
potential (E.) of this transition varies from one
ferredoxin to another, but it is in the range of
—250 to —400 mV (Table 1); in iron-sulfur en-
zymes the E,.’s of the Fe;S;* cluster appear to
be more positive. In addition to the changes
noted in the magnetic properties of the Fe:S,*
cluster, chemical reduction of this center is also
accompanied by a decrease of about 50% in the
visible absorbance bands located at approxi-
mately 330, 420, and 460 nm.

Reconstitution of a typical 2Fe-2S* protein
(Pseudomonas putida ferredoxin) with either
5Fe or S resulted in line broadening of the
EPR signal and provided strong evidence for the
involvement of both the iron and the sulfide in
the electron-accepting center; a similar obser-

vation was made when either the labile sulfur or
cysteinyl sulfur was chemically exchanged with
*S (282; unpublished data cited in reference
199). The strict conservation of the cysteine
positions in the amino acid sequence of the
Fe;S;* ferredoxins from plants and cyanobac-
teria further suggests involvement of cysteinyl
sulfur in the active center (113, 309).

The molecular weights of the two-iron ferre-
doxins from plants and cyanobacteria are, with-
out exception, about 12,000, but the molecular
weights of the two-iron ferredoxins from bacteria
fall into two groups, one 12,000 and the other
approximately 24,000. The significance of this
difference in molecular weights is not yet under-
stood, but it may in some way be related to the
biochemical function of these proteins. The
12,000-dalton ferredoxins from P. putida and
Halobacterium halobium play conventional
electron transport roles in such reactions as cam-
phor hydroxylation (136) and a-keto acid oxi-
dation (141), whereas one of the 24,000-dalton
Fe,S,* proteins, Azotobacter iron-sulfur protein
II (72), is reported to play a role in protecting
the nitrogenase from O, inactivation (233). The
function of the other two-iron ferredoxins, such
as those from Escherichia coli (296), Clostrid-
ium pasteurianum (115), and Agrobacterium
tumefaciens (293), is unknown.

Properties of FeS,* Ferredoxins

The structure of the Fe,S,* cluster has been
determined by X-ray crystallographic studies of
two bacterial iron-sulfur proteins, the 4Fe-4S*
HiPIP from Chromatium vinosum (54) and the
8Fe-8S* ferredoxin from Peptococcus aerogenes
(246) (the latter of which contains two Fe S,*
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clusters). The Fe,S,* centers from these two
bacterial electron carrier proteins were found to
be nearly identical (Fig. 1B). As Fig. 1B shows,
the Fe.S,* cluster has sulfide bridges between
each of the four iron atoms, and the iron in this
cluster is bound to the protein skeleton via four
cysteinyl sulfurs. It is assumed that the Fe,S,*
centers of other ferredoxins and the iron-sulfur-
containing enzymes have a similar structure be-
cause of their similarity in optical and magnetic
properties.

The Fe(S,* clusters are thought to have three
possible oxidation states in biological systems
(the three-state hypothesis) (55, 118, 121). In its
most oxidized state, (Fe,S,*S,”®)!", the center is
paramagnetic and is representative of the oxi-
dized HiPIP center; it exhibits a relatively fea-
tureless symmetric EPR spectrum with a reso-
nance peak near g = 2.01 (Fig. 2). A one-electron
reduction of the most oxidized form of the clus-
ter results in (Fe,S(*S,™)?", which is diamag-
netic and therefore EPR silent; this center is
indicative of the reduced HiPIP and oxidized
clostridial-type ferredoxins. A further one-elec-
tron reduction generates (Fe,S,*S,”*)%", which
is paramagnetic and representative of reduced
clostridial-type ferredoxins; this center has a
major resonance peak near g = 1.94 (see EPR
spectrum of Bacillus stearothermophilus ferre-
doxin [Fig. 2]). Evidence in support of the three-
state hypothesis is as follows: (i) the reduced
(Fe(S.*S,”*)*~ diamagnetic cluster of Chroma-
tium HiPIP could be further reduced to a para-
magnetic (Fe,S,*S™)*" state with the typical g
= 1.94 EPR spectrum (48); and (ii) Sweeney et
al. (264) observed that oxidation of the predom-
inantly diamagnetic (Fe,S.*S.”®)> clusters of
clostridial ferredoxin with ferricyanide produced
a superoxidized iron-sulfur cluster with an EPR
signal at g = 2.01, indicative of the —1 valence
state. Both experiments (which involved unfold-
ing of the Fe-S proteins in solvents containing
dimethyl sulfoxide) clearly demonstrated that
the tetranuclear Fe-S cluster can exist in three
oxidation states.

When Carter et al. (55) first proposed that the
Fe,S,* cluster might exist in three oxidation
states, it was thought that the electronic transi-
tion between the —1 and —2 oxidation states
occurred only at relatively high redox potentials,
whereas the transition between —2 and —3 states
occurred only at low potentials. Recent evidence
from studies on succinate dehydrogenase (197),
Azotobacter vinelandii ferredoxin I (265), and
the Desulfovibrio gigas ferredoxins (50) indi-
cates that one cannot predict from the opera-
tional valence states of the iron-sulfur cluster
the potential range over which these oxidation-
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F1G. 2. EPR spectra representative of the various
types of bacterial iron-sulfur centers (modified from
Hall et al. [113]). Chromatium HiPIP was in the
oxidized state, and the other iron-sulfur proteins were

in reduced state; all EPR measurements were at
about 20°K.

il
0.30

reduction transitions occur. This suggests that
the protein moiety determines not only whether
the iron-sulfur center cycles between the —1 =
—2 or —2 = —3 oxidation states, but also deter-
mines the redox potential at which these tran-
sitions occur.

As Table 2 shows, the bacterial ferredoxins
that contain Fe,S,* centers are found in a large
number of microorganisms. In this table, the
ferredoxins are divided into electron carriers
with (i) a single Fe,S,* cluster, (ii) two Fe,S,*
clusters that function at the same oxidation-re-
duction potential, and (iii) two or more Fe,S,*
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TABLE 2. Characteristics of ferredoxins which contain Fe,S* clusters

Ferre- No. of
Source doxin des-  clus- E. (mV) Redox transition® Mol wt  Reference(s)
ignation ters
Ferredoxins with a single Fe,S,* clus-
ter
Desulfovibrio gigas (monomer) 1 ND* —2= -3 6,200 152
Bacillus stearothermophilus 1 —-280 -2=-3 8,000 188
Bacillus polymyxa FdI 1 -390 -2=-3 9,000 3, 202, 234,
261, 321
Bacillus polymyxa FdIl 1 —422 -2=-3 9,000 261, 310
Clostridium thermoaceticum 1 ND -2= -3 7,300 308
Desulfovibrio desulfuricans 1 —330 —-2=-3 6,000 322
Mycobacterium flavum FdII 1 ND -2=-3 ND 6
Rhodospirillum rubrum FdII 1 —430 -2=-3 14,500 239, 315
Spirochaeta aurantia 1 ND -2=-3 6,000 131
Chromatium vinosum HiPIP 1 +350 -1= -2 9,850 15, 54
Paracoccus sp. HiPIP 1 +360 -1=-2 ND 124, 269
Ferredoxins with two Fe,S* clusters
that function at the same E
Chlorobium limicola Fdl & II 2 ND -2 = -3 7,000 267, 268
Chromatium vinosum 2 —480 -2=-3 10,000 12
Clostridium acidi-urict 2 —434 -2=-3 6,000 45, 262
Clostridium pasteurianum 2 -390 -2=-3 6,000 45, 206, 266
Peptococcus aerogenes 2 —427 -2=-3 6,000 38, 262
Ferredoxins with two or more Fe,S,*
clusters that function at different
E.’s
Rhodospirillum rubrum FdI 2 ND -2 = -3 14,000 239, 315
Azotobacter vinelandii FdI 2 +320, —420 -1=-2 14,500 265, 313, 318
Mycobacterium flavum FdI 2 +230, —420° —-1=-2 1,200 6
Rhodospirillum rubrum FdIV 2 +355, —380 -1=-2 14,000 319
Desulfovibrio gigas FdI 3 —455 —-2=-3>-1=-2 18,000 40,50, 152
Desulfovibrio gigas FdI 3 —430, —30 -2=-3=-1=-2 18,000 40,50
Desulfovibrio gigas FdII 4 —-130 —-2=-3«x-1=-2 24,000 40,50

“ ND, not determined.
* M. G. Yates and H. Bothe, personal communication.
“See Addendum in Proof (p. 410).

clusters that operate at different redox poten-
tials.

Ferredoxins with a single Fe,S,* cluster were
first isolated from D. gigas (152) and Bacillus
polymyxa (202, 241, 321). The occurrence of a
single Fe,S,* cluster (instead of two Fe;S;* clus-
ters) in four-iron ferredoxins was demonstrated
by Stombaugh et al. (261), who showed that, on
full reduction, B. polymyxa ferredoxin took up
one electron per molecule (two electrons would
be required to reduce a four-iron protein con-
taining two Fe.S,* centers). These single-cluster
ferredoxins generally have molecular weights be-
tween 6,000 and 10,000. From a comparison of
the physical properties of these iron-sulfur pro-
teins with those of model compounds, it was
proposed that these ferredoxins cycle between
the (Fe S,*S,*)>" and (Fe,S,*S,”")*" oxidation
states at potentials near —400 mV (118, 121).

The Chromatium HiPIP is an example of a
class of four-iron electron carriers that cycles
between the —1 = —2 oxidation states at a
relatively high potential (+350 mV). Evidence
for these redox transitions comes from the ob-
servation that oxidized HiPIP is paramagnetic
(suggesting a —1 valence), whereas reduced

HiPIP is diamagnetic (suggesting a —2 valence)
in the reduced state (15). Taken with the model
studies on Fe,S,(SR), synthetic analogs (118,
121), the evidence for the —1 = —2 redox tran-
sitions in Chromatium HiPIP is quite compel-
ling. X-ray crystallography data showing that
the Fe,S,* cluster of Chromatium HiPIP (54) is
strikingly similar to the Fe,S,* clusters of P.
aerogenes ferredoxin (246) again suggest that
the peptide determines both the oxidation state
and the operational redox potential of the Fe,S,*
cluster. In contrast to the vast amount of evi-
dence that has been compiled on the physical
and chemical characterization of Chromatium
HiPIP, there is little or no evidence as to its
biochemical role in the cell.

A number of ferredoxins normally referred to
as clostridial-type ferredoxins have two Fe,S,*
clusters which function at about the same neg-
ative redox potential. The two Fe,S,* clusters of
Clostridium acidi-urici ferredoxin were shown,
for example, to differ in potential by less than 10
mV (209). These ferredoxins are found primarily
in anaerobic bacteria such as the clostridia and
the photosynthetic bacteria; here they catalyze
numerous two-electron transfer reactions, such
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as hydrogen evolution and pyridine nucleotide
reduction.

All of the known ferredoxins which function
between the —2 = -3 oxidation states have
molecular weights of 6,000 to 9,000. The compli-
cated nature of the 8Fe-8S* C. pasteurianium
ferredoxin EPR spectrum compared with that of
the 4Fe-4S* B. stearothermophilus ferredoxin
(Fig. 2) is believed to be a result of spin coupling
between the two Fe,S,* clusters of the former
(172).

The arrangement of the two Fe,S,* clusters in
relation to the peptide in a clostridial-type fer-
redoxin has been determined by X-ray crystal-
lography (3, 246) (Fig. 3). The protein backbone
of the ferredoxin from P. aerogenes is folded in
such a way that each of the Fe,S,* clusters,
which are about 1.2 nm apart, is bound by cys-
teine residues from both ends of the polypeptide;
that is, cysteines 8, 11, 14, and 45 are coordinated
to iron atoms in one complex, and cysteines 18,
35, 38, and 41 are coordinated to the iron in the
second complex (3). The position of the cysteinyl
residues in ferredoxins from both fermenting
and photosynthetic bacteria is rigorously con-
served (309), suggesting a similar environment
for the Fe,S,* clusters of these ferredoxins.

The ferredoxins with two iron-sulfur clusters
that operate with different redox potentials be-
long to the third class of bacterial ferredoxins.
These two-cluster ferredoxins are found in
aerobes such as A. vinelandii (265) and Myco-
bacterium flavum (M. G. Yates and H. Bothe,
personal communication) and are referred to

1 2 3 4 S 6 7
Ala—Tyr—Val—Illu—Asn-Asp-Ser—

8 9 0 U 12 13 e
Cys—llu—Ala-Cys-Gly-Ala—Cys—

15 16 7 18 19 20 21
Lys-Pro—Glu-Cys-Pro—Val—Asu—

22 23 24 25 26 27
Hu—6Glu-Glu—-Gly—Ser-llu—

28 29 3C 31 32 33 34
Tyr—Ala-tlu—Asp-Ala-Asp-Ser—

35 36 37 38 39 40 4
Cy-—-llu—Asp-Cys—-Gily-Ser—Cys —

42 42 44 45 46 47 a8
Ala-Ser—Val-Cys-Pro-Vai—-Gly—

49 SO Ti1 52 S3 54
Ala—-Pro-Asn-Pro—Glu—Asp
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here as Azotobacter-type ferredoxins. Unlike
other 8Fe-8S* ferredoxins, these proteins exhibit
a single EPR absorption band in the oxidized
state at g = 2.01 (Fig. 4), which is now taken to
be indicative of Fe,S,* centers which function
between the —1 = —2 oxidation states, analo-
gous to HiPIP. Electron spin quantitation by
Sweeney et al. (265) indicated that only one of
the two Fe,S,* centers was functional at low
potential (E,, = —420 mV). When one electron
was taken up, the g = 2.01 EPR signal of this
low-potential center disappeared. The second
Fe-S center of Azotobacter ferredoxin I was
observed by optical and EPR spectroscopy only
after oxidation of the protein with ferricyanide
(265). This center, which is in the reduced state
in the isolated protein, showed a positive E,, of
+340 mV after equilibrium of the protein with
the ferro-ferricyanide couple. This high-poten-
tial center, which was EPR silent (i.e., reduced)
in the isolated protein, also had a g = 2.01 EPR
signal, indicating that it also functions between
the —1 = —2 oxidation states. The widely diver-
gent E,.’s of the two Fe-S clusters of A. vinelan-
dii ferredoxin have been shown by a potentio-
metric titration to differ by almost 750 mV (Fig.
5). In this titration (monitored optically), the
high-potential center was preoxidized with fer-
ricyanide and then titrated reductively (318).
The observations cited above (265, 313) now
explain earlier data which showed that A. vine-
landii ferredoxin I transferred only one electron
(n = 1) at —420 mV (313) and which drew

criticism (199) based on the then prevalent er-

Fi1G. 3. Structure of Peptococcus aerogenes ferredoxin showing the arrangement of the two Fe,S,* clusters

on the peptide (from Adman et al. [3]).
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F1G. 4. EPR spectrum of Azotobacter vinelandii
ferredoxin I as it is isolated. The EPR signal is from
the low-potential Fe,S,* center which is paramag-
netic in the oxidized state; the high-potential Fe,S*
center is reduced (diamagnetic) here and therefore is
not contributing to the EPR spectrum.

3000

roneous beliefs that all ferredoxins with two
iron-sulfur clusters should transfer two low-po-
tential electrons and that titration data from
these ferredoxins should fit a Nernst equation in
which n = 2.

The unusual characteristics of the Azotobac-
ter-type ferredoxins, compared with clostridial-
type ferredoxins, may be due to a difference in
the basic protein structure. Such a difference
was first suggested by experiments showing that
Azotobacter ferredoxin I and C. pasteurianum
ferredoxin were denatured at different rates by
guanidine and sulfhydryl reagents (313). Al-
though all cysteine residues in the amino-ter-
minal sequence of the Azotobacter ferredoxin
correlate with homologous residues in other fer-
redoxins, the appearance of a cysteine residue in
position 24 is believed by Howard et al. (125) to
cause a major change in the environment of one
of the two iron-sulfur clusters. The unusual re-
dox characteristics of A. vinelandii ferredoxin I
may result from this variation in ligand arrange-
ment.

The role of Azotobacter-type ferredoxins in
cellular metabolism is not well understood at
this time. Although the low-potential Fe,S.*
center of this ferredoxin type functions in typical
ferredoxin-requiring reactions, such as nitrogen
fixation, the role of the high-potential center
remains unknown. A functional role for this type
of ferredoxin became even more obscure when
a similar ferredoxin was isolated from chromat-
ophore membranes of the photosynthetic bac-
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terium Rhodospirillum rubrum (319). Thus,
whatever the role(s) of this unusual ferredoxin
in bacterial metabolism, it is not, as first be-
lieved, restricted to reactions peculiar to the
aerobic bacteria.

Finally, the Fe,S,* ferredoxins of D. gigas
present another unusual situation. In these fer-
redoxins (three have been isolated), the basic
unit is a single polypeptide chain of approxi-
mately 6,000 daltons, which supports one Fe,S,*
cluster (40). This basic unit associates to form
three different ferredoxins; ferredoxins I and I’
are trimers of the 6,000-dalton subunit and fer-
redoxin II is a tetramer. The interaction of the
polypeptides in the trimer and tetramer pro-
duces proteins in which the Fe,S* clusters ex-
hibit different oxidation transitions and different
E..’s (50) (Table 2).

The trimer, ferredoxin I from D. gigas, gives
a strong g = 1.94 EPR signal on reduction (E
= —455 mV) and a much weaker signal at g =
2.01 in the oxidized state, a pattern similar to
that of the Bacillus ferredoxins. The other tri-
mer, ferredoxin I, however, shows EPR signals
of about equal intensity at both g = 2.01 (E,, =
—30 mV) and g = 1.94 (E,, = —430 mV), which
indicates that about an equal number of iron-
sulfur centers are functioning between both —1
= -2 and -2 = -3 transitions. Finally, the
tetramer, ferredoxin II, was shown on reduction
to exhibit an EPR signal of high intensity at g
= 201 (E,, = —130 mV), with a much weaker
signal at g = 1.94. The unusual characteristics of
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F1G. 5. Potentiometric titration of the high- and
low-potential Fe,S.* clusters of Azotobacter vinelan-
dii ferredoxin 1. Symbols: @, change in absorbance
at 510 nm (AAsio nm)—reductive titration with ascor-
bate of the high-potential Fe-S center which had been
oxidized by pretreatment with 60 yuM ferricyanide;
O, change in absorbance at 410 nm (AA40 nm)—reduc-
tive titration with dithionite of the low-potential Fe-
S center. Both titrations were carried out anaerobi-
cally, and the reaction mixtures contained redox
mediator dyes appropriate for the potential range
over which the titration was conducted. A Pt-Ag/
AgCI electrode in the titration cuvette permitted the
simultaneous measurement of the absorbance and
the oxidation-reduction potential (from Yoch and
Carithers [318]).
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the D. gigas ferredoxins have been explained by
“the possibility that changes in quaternary
structure of the different oligomers can affect
the relative stabilities of the (iron-sulfur) oxida-
tion states of the same monomeric unit” (50). In
comparing the E,, of Chromatium HiPIP (+350
mV) with that of D. gigas ferredoxin II (—30
mV) (both of which function between the —1
= —2 redox states), it is again obvious that the
polypeptide both stabilizes the oxidation states
and has a direct influence on the redox potential
of the Fe,S,* cluster.

IRON-SULFUR ENZYMES

The iron-sulfur cluster (in an appropriate lig-
and environment) is one of the most reducing
redox centers found in nature, and for this reason
it is very often found as the prosthetic group in
oxidoreductases where the oxidized/reduced
couple of the substrate is below 0 mV. Thus, the
metabolism of numerous substrates, from acet-
aldehyde and a-keto acids, which have reduction
potentials around —550 mV, through succinate
with a reduction potential near 0 mV, is cata-
lyzed by enzymes containing iron-sulfur centers.
However, just as there are a small number of
high-potential iron-sulfur electron carriers, so
too are there iron-sulfur-containing enzymes (in-
volved in bacterial nitrate and nitrite metabo-
lism) that function in this positive redox range.

Because a large number of bacterial iron-sul-
fur enzymes have now been isolated and are
under active study, review of this subject must
in some way be restricted. The discussion of
these enzymes is therefore limited to a brief
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description of their cellular functions and bio-
chemical characteristics and the new develop-
ments in the field. The treatment given to each
enzyme generally reflects the amount of infor-
mation available on that particular enzyme; in
some cases, so little is known about the enzyme
that one can little more than catalog its existence
as an iron-sulfur-containing enzyme. The iron-
sulfur enzymes have been arbitrarily grouped
into several classes depending upon the nature
of their electron-carrying prosthetic groups. As
Table 3 shows, the least complex iron-sulfur
enzymes contain no additional cofactors,
whereas the most complex enzymes of this group
contain the iron-sulfur complex plus three ad-
ditional cofactors.

Iron-Sulfur Enzymes

Hydrogenase. Hydrogenase, perhaps the
most extensively studied of all the simple iron-
sulfur enzymes, is found among all the major
physiological groups of bacteria, including the
aerobic hydrogen bacteria, anaerobes, photosyn-
thetic bacteria, cyanobacteria, and rhizobium
root nodule bacteroids (180). The function of
hydrogenase in anaerobes is to provide a type of
anaerobic respiration in which excess reducing
equivalents are transferred to protons with the
subsequent evolution of hydrogen. These hydro-
genases are bidirectional in that they catalyze
both the production and the oxidation of molec-
ular hydrogen. In contrast, H, uptake hydrogen-
ases (which are unidirectional, H.-oxidizing en-
zymes only) are found in the aerobic hydrogen
bacteria (234), where they provide the cell with

TaBLE 3. Bacterial iron-sulfur enzymes

Prosthetic group
Iron-sulfur .. ... ... .. .. ... ... .. ... . ...

Enzymes
Hydrogenase, w-hydroxylase, 4-methoxybenzoate-O-de-
methylase, iron-sulfur proteins bound to procaryotic
photosynthetic membranes, glutamine phosphoribosyl
pyrophosphate amido transferase

Iron-sulfur-thiamine pyrophosphate ...... ... ... Pyruvate-ferredoxin oxidoreductase

Iron-sulfur-flavin .......... .. ..... ... ... .. ... Succinate dehydrogenase, NADH dehydrogenase, Pseu-
domonas formate dehydrogenase, dihydroorotate de-
hydrogenase, glutamate synthase, adenylyl sulfate re-
ductase, trimethylamine dehydrogenase

Iron-sulfur-heme ... ... .. .. ... . ... ... ... .. ... Sulfite reductase (dissimilatory)

Iron-sulfur-molybdenum ...... ... ... . . . . . . .. Nitrogenase, nitrate reductase (dissimilatory), CO. reduc-

tase (formate dehydrogenase), iron-sulfur-molybdenum
protein of unknown function

Iron-sulfur enzymes with two or more additional
cofactors Sulfite reductase (assimilatory), coliform formate dehy-

drogenase, xanthine dehydrogenase
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reducing equivalents and initiate energy-yield-
ing processes which permit autotrophic growth
on CO,. In the nitrogen-fixing cyanobacteria
(270), photosynthetic bacteria (32), Azotobacter
(252), clostridia (57), and Rhizobium bacteroids
(156) the uptake hydrogenase is believed to re-
cycle the H, by-product of nitrogenase as a
means of conserving energy (74, 75).

Depending upon the electron carrier with
which hydrogenase reacts, the enzymes may be
classified as follows:

(i) Hydrogen dehydrogenase (EC 1.12.1.2)

NADH + H* = NAD"* + %H,
(ii) Cytochrome c; hydrogenase (EC 1.12.2.1)
cytochrome c; (Fe II) + H*

< cytochrome c; (Fe III) + %4H.
(iii) Ferredoxin hydrogenase (EC 1.12.7.1)
ferredoxin..q + H* = ferredoxin,, + %H,

In addition, Adams et al. (2) have shown that
clostridial hydrogenase can be reduced by a syn-
thetic tetranuclear analog of ferredoxin.
Although the bidirectional hydrogenase from
C. pasteurianum has been studied in consider-
able detail, there are a number of contradictory
reports concerning this enzyme, not all of which
have been resolved. Most workers agree that the
clostridial hydrogenase is linked to ferredoxin
(58, 111) and that the molecular weight of the
native enzyme is 60,000 (58, 88, 191, 192); the
number of subunits, however, remained in doubt
until Chen and Mortenson (58) showed that the
enzyme was a single polypeptide. The number
of atoms of iron and sulfide per mole of enzyme
has remained an open question. Nakos and Mor-
tenson (191) and Erbes et al. (88) reported that
the enzyme contained four nonheme irons and
four acid-labile sulfurs; consistent with these
values were the observations that the thiophenol
extrusion product of hydrogenase was derived
from Fe,S,* clusters (88, 105). Although there is
general agreement that C. pasteurianum hydro-
genase contains Fe,S,* clusters, there is wide
disagreement on the number of these centers
per molecule. This disagreement arises from the
contrasting reports of Erbes et al. (88), whose
hydrogenase preparation contained 4 Fe and 4
S per molecule, and Chen and Mortenson, who
reported 12 Fe and 12 S per molecule. Quanti-
tative extrusion of the Fe S,* cores from this
12Fe-12S* preparation indicated that each mol-
ecule had approximately three of these tetra-
meric centers, consistent with the higher Fe-S
content of their preparation (105). It is believed
by these workers that the iron and sulfur of
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clostridial hydrogenase exists as three Fe,S,*
clusters (59, 105).

Clostridial hydrogenase exhibits EPR signals
in both the reduced (g = 2.079, 2.007, 1.961,
1.936, 1.908, and 1.892) and oxidized (g = 2.099,
2.046, and 2.005) forms (59, 88, 192), which are
unlike the signals from other known Fe,S,* cen-
ters. This complexity may be due to spin-cou-
pled centers in the hydrogenase. Because their
EPR data indicated only 1.6 to 1.8 electron spins
per mol of protein, Chen et al. (59) postulated
that the reduced hydrogenase contains two par-
amagnetic (Fe,S,*)>” centers and one diamag-
netic (Fe,S.*)>” center.

The hydrogenase of another obligate anaer-
obe, Desulfovibrio vulgaris, has also been stud-
ied in detail. The Miyazaki strain of this orga-
nism has both a soluble and a membrane-bound
cytochrome c;-linked hydrogenase (306, 307).
The soluble enzyme has a molecular weight of
60,000 (306), and the particulate enzyme has a
molecular weight of 89,000 (191). Although the
number of irons in the soluble enzyme is un-
known, the particulate species contains seven to
nine iron atoms per molecule (307). Like the
clostridial hydrogenase, the Hildenborough
strain NCIB 8303 of D. vulgaris was recently
reported to contain a 50,000-dalton hydrogenase
consisting of a single polypeptide chain with 12
atoms each of nonheme iron and acid-labile sul-
fur per molecule (295). Because this hydrogenase
could be removed from the cell without disrupt-
ing the cell membrane, it is believed to be located
outside the cytoplasmic membrane, i.e., peri-
plasmic (19).

A similar periplasmic, cytochrome c;-linked
hydrogenase has also been isolated from D. gi-
gas (116). Its molecular weight is 89,500, and it
is composed of two different subunits of molec-
ular weights 62,000 and 26,000. It contains 12
atoms each of iron and sulfide, and, similar to
the clostridial hydrogenase, quantitative extru-
sion of its Fe-S centers indicated three Fe,S,*
clusters (116).

The hydrogenases of the photosynthetic bac-
teria R. rubrum (1, 107) and Thiocapsa roseo-
persicina (108) have both been reported to be
bidirectional enzymes containing four Fe and
four S* and to have molecular weights of about
65,000. Although the activity of the R. rubrum
enzyme is rather low, it has been shown to
couple to ferredoxin in both H; uptake and H,
evolution reactions (1, 107). The bidirectional
nature of this enzyme is surprising in light of the
fact that the R. rubrum enzyme was always
assumed to function only as an uptake hydro-
genase (32).

The chromatophore-bound hydrogenase from
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C. vinosum can apparently reduce ferredoxin
(98), but loses this ability after it is solubilized
by detergent (106, 135). Gitlitz and Krasna (106),
who first solubilized the enzyme, reported a mo-
lecular weight of about 100,000, with two 50,000-
dalton subunits. Kakuno et al. (135), however,
found a molecular weight of only 70,000 and a
variable subunit composition which depended
on the sodium dodecyl sulfate concentration.
The Chromatium hydrogenase contained four
Fe and four S* (106, 135), and one group (135)
suggested that a flavin peptide may be associ-
ated with it. The loss of ferredoxin-reducing
activity and the unusual EPR characteristics
(106) of Chromatium hydrogenase suggest the
possibility that the purified form may no longer
be in its native state.

An unusual characteristic of the hydrogenases
from photosynthetic bacteria is that they appear
to be relatively insensitive to O,, compared with
the bidirectional hydrogenases of other obligate
anaerobes. Furthermore, although these hydro-
genases are bidirectional in vitro, they appear to
function primarily as uptake hydrogenases in
vivo (311).

The unidirectional uptake hydrogenases, as a
group, are not as well understood as the bidirec-
tional hydrogenases. In the hydrogen bacteria
the unidirectional hydrogenases play a critical
role in the autotrophic life of the organisms.
Among this group, various Hydrogenomonas
species have long been known to couple H:
oxidation directly to the reduction of nicotin-
amide adenine dinucleotide (NAD) (204, 303)
for use in CO. fixation. The electron-carrying
prosthetic group of the hydrogenases from hy-
drogen bacteria has remained unknown until
recently, but recent evidence from at least one
species, Alcaligenes eutrophus, indicates that it
is not an iron-sulfur center, but riboflavine 5'-
phosphate (FMN); 2 mol of FMN was recovered
per mol of hydrogenase (235). A newly discov-
ered uptake hydrogenase from the anaerobe C.
pasteurianum is located in the periplasmic space
and, like the bidirectional enzyme, it is reported
to couple to ferredoxin; its prosthetic group re-
mains unknown (57).

Models of catalytic action by hydrogenase
which have been proposed are based upon the
characteristics of the clostridial hydrogenase. In
one view (88), the enzyme is thought to have a
single Fe,S* cluster which cycles between a
fully oxidized state (with a rhombic EPR signal),
a partially reduced state (EPR silent), and a
fully reduced state (with a complex EPR signal)
containing a single electron spin. In a different
model (59), there are several Fe,S,* centers and
another unknown center (called X) which is
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believed to have a more negative E,, than the
fully reduced iron-sulfur centers, and it is this
center X which is thought to be responsible for
reducing the protons to hydrogen.
w-Hydroxylase. The formal name of this
iron-sulfur enzyme is alkane (or fatty acid), re-
duced NAD(P):oxygen oxidoreductase (hydrox-
ylating), and it occurs in a number of aerobic
organisms capable of metabolizing alkanes (176).
The enzymatic hydroxylation of alkanes by
Pseudomonas oleovorans has been studied ex-
tensively and was shown to require both a re-
ductant and O, as substrates. Rubredoxin func-
tions as an electron carrier coupling electrons
from reduced NAD (NADH) via a flavoprotein
NADH-rubredoxin reductase to the hydroxylase
(214) (Fig. 6). The enzyme from P. oleovarans
is a soluble, 2 X 10%-dalton protein composed of
42,000-dalton subunits (175). Except for traces
of flavine adenine dinucleotide (FAD), the active
redox components appear to contain approxi-
mately four nonheme iron atoms per 2 X 10°
daltons; these iron atoms exhibit EPR signals at
£ = 4.3 (rhombic iron signal) and g = 1.94 (the
iron-sulfur signal) and a relatively strong signal
at g = 2.003 (175).
4-Methoxybenzoate-O-demethylase. The
biodegradation of aromatic O-alkyl (phenolic)
esters as a source of carbon and energy is gen-
erally initiated by monooxygenase systems re-
quiring NAD(P)H and O,. In P. putida induction
of this demethylase by 4-methoxybenzoic acid
allows the organism to grow on this and other
O-alkyl compounds (26). The enzyme is not very
specific with regard to the substrate, in that it
dealkylates a number of diverse molecules. Fur-
thermore, in the presence of NADH and O; it
attacks and opens the aromatic ring (24).

In P. putida a 4-methoxybenzoate-O-demeth-
ylase has been isolated as a soluble enzyme
complex which consists of two different proteins;
the first is an iron-sulfur flavoprotein, and the
second (the terminal oxidase) is a simple iron-
sulfur enzyme. The 42,000-dalton iron-sulfur fla-
voprotein contains FMN and an iron-sulfur cen-
ter, is reduced by NADH, and functions as the
reductase for the iron-sulfur enzyme (26, 28, 40).
The iron-sulfur-containing demethylase accepts
electrons from the reductase and functions as

CH -R

N0

w-hydroxylase

Reductase ><Ruhrcdo\in‘/ \H()
(Fe'™)

Reductase
(ox)

Rubredoxin

NADH (Fe')

NAD? (red)
HOCH -R
F1G. 6. w-Hydroxylase system of Pseudomonas
oleovorans (after Peterson et al. [214]).



394  YOCH AND CARITHERS

the terminal oxidase. It is a 120,000-dalton pro-
tein dimer containing an Fe.S,* center which on
reduction with NADH and the reductase ex-
hibits EPR signals at g = 2.01, 1.91, and 1.78
(28). In its EPR characteristics it closely resem-
bles the Rieske protein (225) except that the E,,
of this center in the oxidase is reported to be
about +5 mV (27), which makes it about 270 mV
more reducing than all other proteins containing
Reiske-type Fe-S centers. This iron-sulfur-con-
taining demethylase not only represents a new
subgroup of the oxygenases, but it is the first
protein in which substrate-induced reduction of
a Rieske-type iron-sulfur center has been ob-
served.

Iron-sulfur proteins bound to procar-
yotic photosynthetic membranes. Iron-sul-
fur proteins, because of their lack of unique
optical features in membranes, have only re-
cently been discovered as important constitu-
ents of the highly pigmented (chlorophyll-con-
taining) photosynthetic membrane. It has only
been since the application of low-temperature
EPR spectroscopy to photosynthetic systems
that it has been possible to detect iron-sulfur
centers in chlorophyll-containing membranes.

EPR analysis of membrane-bound iron-sulfur
proteins was first applied to chromatophores
from the purple sulfur bacterium Chromatium.
These membranes showed two iron-sulfur cen-
ters, which, in the reduced state, had g values
near 1.94 (78, 94) and could be distinguished
from one another on the basis of their oxidation-
reduction potentials (one iron-sulfur center had
an E, of =50 mV and the other had an E,, of
—290 mV) (94). These centers have not yet been
demonstrated to undergo light-dependent oxi-
dation or reduction reactions, nor is there any
information available as to a possible enzymatic
activity involving these iron-sulfur centers.

In contrast to the two g = 1.94 centers in
Chromatium, the green sulfur bacterium Chlo-
robium and all of the purple nonsulfur bacteria
have three such iron-sulfur centers which are
also distinguished from one another on the basis
of their midpoint oxidation-reduction potentials.
An example of a typical titration used to resolve
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Fi16. 7. Oxidation-reduction titration of the g =
1.93 signal in Rhodospirillum rubrum chromato-
phores. Oxidation-reduction titrations of the mem-
brane-bound iron-sulfur centers were performed by
reducing the preparations (containing redox media-
tor dyes) with sodium ascorbate or sodium dithionite
and monitoring the extent of reduction (as measured
by the increased amplitude of the g = 1.93 signal) by
EPR spectroscopy. Samples were withdrawn from the
anaerobic titration vessel at fixed oxidation-reduc-
tion potentials (E;) (as measured by a Pt-Ag/AgCl
electrode) and transferred anaerobically to EPR
tubes for X-band EPR analysis at 35°K (from Yoch
et al. [319]).

these iron-sulfur centers is shown in Fig. 7, where
the amplitude of the EPR signal in R. rubrum
chromatophores was monitored at defined oxi-
dation-reduction potentials. Table 4 summarizes
the midpoint oxidation-reduction potential of
the g = 1.94 centers in representative species
from the three families of photosynthetic bac-
teria. In R. rubrum these centers may be related
to succinate dehydrogenase, since titration of
the solubilized enzyme showed redox centers
with nearly identical E,.’s (53). There are, how-
ever, other enzymes, such as NADH dehydro-

TABLE 4. Oxidation-reduction properties of the g = 1.94-type iron-sulfur centers in chromatophore
membranes of photosynthetic bacteria

Family Species E. (mV) Reference
Rhodospirillaceae Rhodospirillum rubrum*® +20, -175, —390 319
Rhodopseudomonas capsulata +30, —235, —335 217
Rhodopseudomonas sphaeroides +40, —175, —390 218
Chromatiaceae Chromatium vinosum +50, —290 94
Chlorobiaceae Chlorobium limicola -25, —175, —550 146

“In R. rubrum this EPR signal is actually at g = 1.93.
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genase, which are also bound to the chromato-
phore and which have EPR and redox charac-
teristics very similar to those of succinate de-
hydrogenase. It may be necessary to use kinetics
or inhibitors to distinguish between the EPR
signals induced by NADH and those induced by
succinate, since both substrates reduce g = 1.93
iron-sulfur center(s) in R. rubrum chromato-
phores (119). That NADH dehydrogenase does
reside on the chromatophore is further sug-
gested by a distinctive EPR absorption band at
g = 2.1 (Yoch, unpublished data), which by
analogy with mitochondria (200) would be as-
sociated with centers 3 and 4 of NADH dehy-
drogenase.

In 1964, Rieske and co-workers (224, 225) sol-
ubilized and purified from bovine heart mito-
chondria via Complex III an electron-carrying
protein (molecular weight, 26,000) which con-
tained two irons and two sulfides per molecule.
This protein is unusual because in its reduced
state it has its major EPR absorption band at g,
= 1.89 (g = 2.025, 1.89, and 1.78), which is either
an extreme value for Zaversge OT iS a representative
member of a new class of iron-sulfur proteins
(the other two being the ferredoxin-type g =
1.94 and the HiPIP-type g = 2.01 centers). Al-
though the function of the Rieske iron-sulfur
center is unknown, it appears to operate near
cytochrome ¢ in the mitochondrial electron
transport chain.

Several years ago Rieske-type iron-sulfur cen-
ters were also observed in chromatophore mem-
branes of both the purple sulfur bacterium Chro-
matium (78, 94) and the purple nonsulfur bac-
teria Rhodopseudomonas sphaeroides (218) and
Rhodopseudomonas capsulata (205), where
they were characterized by their EPR signal at
g = 1.89. The EPR spectrum of the reduced
Rieske center in chromatophores of R. rubrum
(Fig. 8) is representative of those centers found
in other bacterial photosynthetic membranes.
The E,, of the Rieske center in the purple pho-
tosynthetic bacteria ranges from +275 to +310
mV. In the green sulfur bacterium Chlorobium,
the Rieske center was found to have an E,. of
+160 mV, approximately 120 mV more negative
than in the purple bacteria.

At alkaline pH (beyond pH 6.8 for the Chlo-
robium protein and pH 8 for the R. sphaeroides
protein) the E,, of the Rieske center was found
to be pH dependent. The E,, values were shifted
—60 mV per pH unit, indicating that at the
proper pH this protein can take up one proton
along with the electron on reduction (146). Re-
examinations of other Rieske centers, including
that from mitochondria, have shown a similar
effect of pH on the E, (216). These findings
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F16. 8. EPR spectrum of the oxidized and reduced
Rieske iron-sulfur center in chromatophores of Rho-
dospirillum rubrum. Oxidant, Fe(CNs)*", ferricya-
nide; reductant, @ H, hydroquinone. EPR measure-
ments were at 20°K (Yoch, unpublished data). E,
Oxidation-reduction potential.

indicate that this carrier may play a role in
proton translocation across the membrane, a
role suggested for the Rieske protein in mito-
chondria even before the pH dependence was
shown (207).

Given that the 2Fe-2S* Rieske center may be
a proton carrier, its function in the photosyn-
thetic apparatus is still not understood at this
time. Although illumination of Chromatium (94)
and R. sphaeroides (218) chromatophores at
room temperature caused the prereduced Rieske
center to be oxidized, these experiments pro-
vided no real indication of its physiological role
in these energy-conserving systems.

Iron-sulfur proteins are also found in the cy-
anobacteria, where they are tightly bound to the
photosynthetic membranes and are involved in
a plant-type photosynthesis (95). Iron-sulfur
EPR signals were first detected in lamellar par-
ticles of Anabaena cylindrica after illumination
at 77°K, a process which oxidized the photosyn-
thetic reaction center chlorophyll and reduced
the iron-sulfur center in a manner similar to that
previously observed in isolated plant chloro-
plasts (170). This treatment resulted in the ap-
pearance of a paramagnetic component with an
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EPR spectrum similar to (but not identical to)
that of the soluble Fe,S,* ferredoxin of this
organism and showed g values at g, = 2.05, g,
= 195, and g, = 1.87 (95). On illumination at
room temperature in the presence of dithionite,
additional EPR signals at g = 2.05, 1.93, and 1.90
were also generated. In spinach chloroplasts
these two sets of signals were designated centers
A and B, respectively, and were shown to be
associated with Photosystem I (170), the pho-
tosystem which generates the low-potential re-
ducing equivalents. Both iron-sulfur centers
were present in a highly specialized form of blue
green algae cells called heterocysts (51), which
are known to contain only Photosystem I.

The fact that the light-reduced iron-sulfur
center (center A) in chloroplasts is equivalent to
the amount of chlorophyll Py photooxidized
(based on electron spin counting) suggests that
center A is the first or primary electron acceptor
of Photosystem I. However, at 20°K the photo-
reduced iron-sulfur centers A and B in both
chloroplasts and Anabaena fragments (51) re-
main in the reduced state when the light is
turned off, whereas P photooxidation is re-
versible, suggesting that Py is not linked di-
rectly to the reduction of centers A and B. There
is a photo-induced signal, however, with g values
at 2.08, 1.88, and 1.76 in both chloroplasts and
preparations from the cyanobacterium Chlorog-
loea fritschii (89), which is reversible in the
dark. This center has been called X and has
been proposed to be the primary electron accep-
tor of Photosystem I (31, 89). This signal is
believed to be due to either an iron-sulfur center
(91) or an iron-quinone (31) center. At this point,
the primary electron acceptor in plant-type pho-
tosynthesis (which is found in the cyanobac-
teria) remains a matter of controversy.

Glutamine phosphoribosyl pyrophos-
phate amido transferase. Glutamine phos-
phoribosyl pyrophosphate amido transferase
catalyzes the first amination step in the synthe-
sis of purines:

Magnesium 5-phosphoribosyl-1-pyrophosphate
+ glutamine = 5-phosphoribosyl-1-amine
+ glutamate + magnesium pyrophosphate

Wong et al. (304) have shown recently that
this enzyme from Bacillus subtilis is a tetramer
of 50,000-dalton subunits and that each subunit
contains approximately three irons and two sul-
fides. They report that the enzyme is inactivated
by iron extraction or air oxidation, but is not
bleached by dithionite (an observation which is
at variance with all other iron-sulfur proteins).
It was suggested that the iron was organized as
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a reduced single iron center and a fully reduced
Fe;S;* cluster, both of which were thought to
serve only as structural components (304). Ad-
ditional work is obviously needed to confirm
such a nonconventional role for an Fe-S center.

Iron-Sulfur-Thiamine Pyrophosphate
Enzymes

Pyruvate dehydrogenase. The iron-sulfur
enzymes that contain thiamine pyrophosphate
(TPP) are involved in the reduction of ferre-
doxin by pyruvate and similar a-keto organic
acids. The most thoroughly characterized ex-
ample of these enzymes is the clostridial pyru-
vate-ferredoxin oxidoreductase (EC 1.2.7.1). In
the saccharolytic clostridia, such as C. pasteur-
tanum and Clostridium butyricum, pyruvate de-
hydrogenase serves as one of the key enzymes
(along with glyceraldehyde phosphate dehydro-
genase and NADH/NADH-ferredoxin reductase
[134]) in providing glucose-fermenting cells with
reduced ferredoxin for N, proton, CO,, and nic-
otinamide adenine dinucleotide phosphate
(NADP) reduction and acetyl coenzyme A
(CoA) for substrate-level adenosine 5'-triphos-
phate (ATP) synthesis. The ferredoxin-depend-
ent reductive carboxylation reactions catalyzed
by these dehydrogenases functioning in reverse
are believed to play a central role in the pho-
toautotrophic life of the photosynthetic sulfur
bacteria (43) and in providing precursors for the
de novo synthesis of several amino acids by
rumen bacteria (231).

The pyruvate-ferredoxin oxidoreductase from
C. acidi-urici occurs as three isozymes, which
have molecular weights of about 240,000 and
contain six nonheme irons and three acid-labile
sulfurs (289) (the sulfide in the enzyme is, no
doubt, equimolar with the iron). The iron-sulfur
center(s) of the enzyme is not reduced by pyru-
vate without the presence of reduced coenzyme
A (CoASH), which suggests an enzyme-bound
hydroxyethyl-TPP intermediate (288) and the
following sequence of reactions:

pyruvate + TPP-E,
= (hydroxyethyl-TPP)-E.x + CO;
(hydroxyethyl-TPP)-E.x + CoASH
= acetyl-CoA + TPP-E
TPP-Ered + Fdox = TPP-Eox + Fdred
Summary: pyruvate + CoASH + Fdox
= acetyl-CoA + CO; + Fd,.q

Unlike the other cofactors found in iron-sulfur
enzymes, TPP in pyruvate dehydrogenase is in-
volved in the formation of the oxidizable sub-
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strate, hydroxyethyl-TPP, but TPP itself ap-
pears to have no direct role in the electron
transport reactions.

It has long been assumed that the same en-
zyme was responsible for both the forward re-
action (the phosphoroclastic splitting of pyru-
vate) and the reverse reaction (pyruvate syn-
thase) which brings about the fixation of CO, by
a ferredoxin-linked reaction (25). A recent re-
port, however, indicates that the two reactions
are catalyzed by different enzymes (230). The
pyruvate- and a-ketoglutarate-ferredoxin oxi-
doreductases of other bacteria (5, 22, 47, 93, 141,
213, 241) have not been well characterized.

Iron-Sulfur-Flavin Enzymes

Succinate dehydrogenase. Compared with
the mitochondrial enzyme, relatively little work
has been done on bacterial succinate dehydro-
genase (EC 1.31.99.1), but this enzyme has been
solubilized from membranes of a number of bac-
teria, including Corynebacterium diphtheriae
(208), Micrococcus lactilyticus (301), E. coli
(143), R. sphaeroides (129), Vibrio succinogenes
(150), and R. rubrum (53, 68, 117). The mem-
brane-bound succinate dehydrogenase from an-
aerobic bacteria serves as a fumarate reductase
and acts as the terminal electron acceptor in an
anaerobic electron transport system which gen-
erates ATP (149) and produces succinate. Al-
though the membrane-bound nature of this en-
zyme in photosynthetic bacteria suggests that it
functions as a fumarate reductase, such a role
seems superfluous in an organism capable of
photophosphorylation. Nevertheless R. rubrum
chromatophores do show a potent fumarate re-
ductase activity which is tightly coupled to the
hydrogenase, provided a suitable electron carrier
(a redox dye) is available (32). Assuming that
the electron-carrying dye does not provide an
artificial link between these two enzymes, nei-
ther the native electron carrier coupling these
enzymes nor the physiological significance of
this reaction is known.

Some of the earlier work had suggested that
cytochrome b was a component of bacterial suc-
cinate dehydrogenase (197, 208); however, later
studies indicated that it was similar to the suc-
cinate dehydrogenase from mitochondria and
contained only flavin and iron-sulfur centers (53,
68, 117, 129, 149, 301). The enzyme solubilized
from R. rubrum chromatophore membranes is
perhaps the best characterized bacterial succi-
nate dehydrogenase. It has a molecular weight
of 85,000 (53, 68, 149) and is composed of a
60,000-dalton subunit and a 25,000-dalton sub-
unit (68, 117). The ratio of flavin to iron to
sulfide in the native enzyme is 1:8:8 (68, 149).
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Both flavin and nonheme iron are localized on
the larger subunit, whereas the smaller subunit
contains only iron and sulfide (53). The oxidized
enzyme exhibits an HiPIP-type EPR signal from
an iron-sulfur cluster (53) which corresponds to
the center S-3 in mitochondria (196). (Iron-sul-
fur centers of succinate dehydrogenase are des-
ignated with an S, those of NADH dehydrogen-
ase are designated with an N, and the numbers
designate a specific center.) Reduction of the
enzyme with succinate reveals another iron-sul-
fur center with an EPR signal at g = 2.03, 1.93,
and 1.91 (analogous to Fe-S center S-1 in mito-
chondria) and a flavin semiquinone signal at g
= 2.006 (53, 68, 119). The redox potentials of the
Fe-S centers of bacterial succinate dehydrogen-
ase can be seen from a titration of R. rubrum
enzyme (Fig. 9). Three redox centers with E,.’s
of +50, —160, and —380 mV are observed; the
first two redox centers probably represent iron-

Succinate Dehydrogenase
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Fi1G. 9. Oxidation-reduction titration of succinate
dehydrogenase from Rhodospirillum rubrum. The en-
zyme was solubilized from chromatophore mem-
branes with the detergent lauryl dimethylamine oxide
(line A) or alkaline (pH 9.5) treatment (line B). The
potentiometric titrations were performed with an an-
aerobic cuvette system that allowed the simultaneous
measurement of absorbance changes (AA) and oxi-
dation-reduction potential changes. The enzyme was
titrated reductively with small additions of 30 mM
sodium dithionite. Absorbance changes in the enzyme
were monitored at 440 nm (each point was corrected
by subtracting absorbance changes of the oxidation-
reduction mediator dyes as determined by a prior
titration of the mediators alone) (from Carithers et

al. [53]).
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sulfur centers S-1 and S-2. The presence of a
—380-mV redox center in the solubilized R. rub-
rum enzyme suggests a similarity to a mitochon-
drial succinate dehydrogenase center character-
ized by Ohnishi et al. (197), who observed a
—400-mV iron-sulfur component in a solubilized
preparation. In this beef heart enzyme it appears
that the —250-mV S-2 center was altered on its
removal from Complex III and converted to the
—400-mV form; on reconstitution with the par-
ticulate cytochrome &-c complex the potential
of this Fe-S center shifted back to —250 mV.
The existence of both —160-mV and —380-mV
centers in the detergent-solubilized R. rubrum
enzyme (53) indicates that this preparation may
have been heterogenous with respect to the S-2
iron-sulfur center. It must be noted, however,
that potentiometric EPR titrations of the un-
treated membranes also revealed three iron-sul-
fur centers with these same redox potentials
(Fig. 7).

The solubilized succinate dehydrogenase from
R. sphaeroides had EPR characteristics similar
to those of R. rubrum (i.e., a flavin free radical
and S-1 and S-2 signals), but only one non-
succinate-reducible iron-sulfur center (S-2) was
observed in a redox titration (129).

The enzymatic mechanism of bacterial succi-
nate dehydrogenase is presumed to be the same
as that of the mitochondrial enzyme (144). It
has been proposed that in this enzyme, electrons
flow from succinate through center S-1 and the
flavin to center S-3 and from there to the elec-
tron transport chain (196, 197). The function of
center S-2 (E» = —160 mV) remains unknown
in both mitochondrial and bacterial enzymes
and may be an artifact of enzyme purification
(16, 196, 229), since several groups have reported
variable values for electron quantitation of this
center in the mammalian enzyme. On the other
hand, the occurrence of eight iron atoms
(enough for two 2Fe centers and one 4Fe center)
and quantitative extrusion of two Fe;S,;* centers
(229) argue against center S-2 of succinate de-
hydrogenase being an artifact.

Reduced nicotinamide adenine dinucleo-
tide dehydrogenase. Although NADH dehy-
drogenase (EC 1.6.99.3) plays an important role
in energy metabolism, surprisingly little is
known about the bacterial enzyme. Only a cou-
ple of bacterial NADH dehydrogenases have
been isolated. The enzyme from E. coli (111),
which was first solubilized by freeze drying mem-
branes, is a metalloflavoprotein containing non-
heme iron, acid-labile sulfur, FMN, and FAD.
The mole ratio of these cofactors was not deter-
mined. Recent extensive purifications of the E.
coli NADH dehydrogenase have shown it to be
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a single polypeptide chain of 38,000 daltons (66),
but the flavin cofactor (FAD) was lost during
the isolation process (66, 67) and again the mole
ratio of iron-sulfur was not determined.

The NADH dehydrogenase from A. vinelan-
dii was first recognized as an iron-sulfur protein
by an EPR signal at g = 1.94, which appeared
on reduction of Azotobacter membranes with
NADH (17). The enzyme has been isolated in
two forms, depending upon the amount of iron
in the growth medium (69). Both forms of
NADH dehydrogenase have molecular weights
of 56,500, but the enzyme isolated from cells
grown on low levels of iron contained as cofac-
tors one molybdenum, two nonheme irons, and
two sulfides per FMN, whereas the enzyme from
cells grown on high levels of iron contained four
irons and four sulfides per FMN (69). The
NADH-reduced enzyme from low-iron cells ex-
hibited a complex EPR spectrum due to Mo(V)
(70) and a single iron-sulfur center with g values
of 2.034 and 1.934 (69). The enzyme from normal
iron growth conditions exhibited an EPR signal
at g = 2.016 in the oxidized state and signals
with g values at 2.042, 2.034, and 1.940 in the
reduced state (69). The mechanism of this en-
zyme is unknown.

Although the bacterial NADH dehydrogen-
ases appear to have the same general properties
as the NADH dehydrogenase from mitochon-
dria, our detailed knowledge of the Fe-S centers
of these bacterial enzymes lags by at least an
order of magnitude. At least part of the reason
may be the general instability of the bacterial
enzymes; also, most interest in this enzyme has
been focused, for traditional reasons, on the
mitochondrial enzyme.

Pseudomonas formate dehydrogenase.
Although most formate dehydrogenases are
membrane bound, donate electrons directly to
insoluble electron transport carriers, and have
molybdenum and selenium as additional cofac-
tors, the enzyme from Pseudomonas oxalaticus
is an iron-sulfur flavoprotein (123) that catalyzes
the following reaction:

HCOO™ + NAD + H.0 = HCO;~ + NADH + H*

With this enzyme the organism is capable of
growing on formate as the sole carbon and en-
ergy source (29).

The soluble formate dehydrogenase from P.
oxalaticus is isolated in two equally active forms
(I and II) having molecular weights of 320,000
and 175,000, respectively (122). Sodium dodecyl
sulfate electrophoresis has shown form I to have
two subunits with molecular weights of 100,000
and 59,000; it contains 2 FMNs and 17 to 20
irons per molecule and is assumed to have the
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same amount of sulfide. Formate dehydrogenase
IT contains 1 FMN and 8 to 10 irons. The fact
that form II was not observed in the early puri-
fication steps, but appeared later, suggested the
possibility that form I is a dimer of form II. The
‘enzymatic mechanism of this iron-sulfur flavo-
protein is not known, but the available data
show that for the enzyme to react with either
formate or NAD(H), it requires the presence of
flavin (122). .
Dihydroorotate dehydrogenase. This en-
zyme catalyzes both the synthesis and degrada-
tion of pyrimidines by the following reaction:

L-5,6-dihydroorotate + oxidized NAD
= orotate + NADH + H*

Clostridium oroticum (formerly Zymobacterium
oroticum) (56), when adapted to ferment orotic
acid, synthesizes a high level of the iron-sulfur
flavoprotein dihydroorotate dehydrogenase (EC
1.3.1.14), and it was from this organism that the
enzyme was first purified (9). In the normal
course of metabolism the enzyme presumably
functions mainly in the synthesis of pyrimidines,
and this reaction involves an oxidation of dihy-
droorotate by oxidized pyridine nucleotides
rather than a reduction of orotate.

Although the enzyme has been isolated from
other organisms, the most thoroughly studied
example of the enzyme is that from C. oroticum.
It has a molecular weight of 115,000 and has the
unique property of containing equimolar
amounts of FAD and FMN (two each) as well
as four nonheme irons and four acid-labile sul-
furs (7, 101, 179). Data from subunit molecular
weight determinations and peptide mapping
suggest that the enzyme is a tetramer composed
of four identical polypeptide chains (7). It has
been proposed that the protein contains two
equivalent catalytic sites and that the iron atoms
are grouped in Fe;S:* clusters (7). All of the
cofactors seem to participate in the catalysis, as
shown by flavin semiquinone EPR signals at g
= 2.005 and iron-sulfur signals at g = 2.0, 1.94,
and 1.92 in the substrate-reduced enzyme (8, 9).

The mechanism proposed for dihydroorotate
dehydrogenase is as follows (7):

NADH dihydroorotate
)FAD © Fe:S;* FMNC

NAD orotate

such that H(S) on carbon 5 is eliminated (30).
Glutamate synthase. Glutamate synthase
(EC 2.6.1.53) catalyzes the following reaction:

glutamine + a-ketoglutarate + NAD(P)H
= 2 glutamate + NAD(P)*
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This enzyme, when combined with glutamine
synthetase, provides a more efficient pathway
for fixing ammonia than does glutamate dehy-
drogenase. Nitrogen-fixing bacteria (193) and a
number of coliforms (169) derepress the synthe-
sis of these two enzymes when the level of am-
monia in the medium falls below a certain level.
Other bacteria, such as Bacillus megaterium
(84) and Caulobacter crescentus (85), probably
use this enzyme system exclusively as a means
of incorporating ammonia into amino acids.

The glutamate synthase from E. coli is a
soluble enzyme of 800,000 daltons composed of
four 53,000-dalton and four 135,000-dalton sub-
units (178). It has been proposed that the en-
zyme is actually a tetramer and that the com-
bination of one large and one small subunit
contains one FAD, one FMN, eight irons, and
eight sulfides (178).

The Klebsiella aerogenes (formerly Aerobac-
ter aerogenes) glutamate synthase appears to be
a simple dimer composed of a 175,000-dalton
subunit and a 51,500-dalton subunit (280). The
cofactors of this enzyme are reported to be 1
FAD, 1 FMN, 7 irons, and 13 sulfides per mole-
cule. The large subunit appears to be the binding
site for glutamine and to contain the cofactors
(280). The enzyme is thought to catalyze the
amination of a-ketoglutarate without the pres-
ence of free ammonia (103) by the following
mechanism (178):

H* + NADPH + E.flav = E-.flav-H, + NADP*
E-flav.H: + a-ketoglutarate + GIn
=2 Glu + E-flav + H*
Summary: NADPH + a-ketoglutarate + Gln
= 2 Glu + NADP*

Adenylyl sulfate reductase. Some species
of sulfate-reducing bacteria, such as Desulfovib-
rio and Desulfotomaculum, are able to perform
a type of anaerobic respiration in which they
obtain energy by coupling the oxidation of H:
and some organic compounds to the reduction
of sulfate. The reducing equivalents are trans-
ferred to oxidized sulfur compounds as the ter-
minal electron acceptors, with the production of
sulfide. The first step in this process of dissimi-
latory sulfate reduction is the reduction of sul-
fate (in the form of 5'-phosphoadenylyl sulfate)
to sulfite (177). The direct physiological electron
donor to adenylyl sulfate reductase has not been
conclusively established. However, Desulfovib-
rio contains ferredoxin, flavodoxin, and cyto-
chrome c;, all of which are possible electron
donors; reduced methyl viologen is commonly
used as the in vitro reductant.
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Adenylyl sulfate reductase (EC 1.8.99.2) from
D. vulgaris is an iron-sulfur flavoprotein with a
molecular weight of 220,000 and is composed of
one 20,000-dalton subunit and three 72,000-dal-
ton subunits (37). The enzyme was determined
to contain 12 irons, 12 sulfides, and 1 FAD, based
on a molecular weight of 220,000. The addition
of excess sulfite to an oxidized preparation hav-
ing an HiPIP-type EPR signal caused a decline
in the g = 2.0 signal, which was accompanied by
a parallel rise in a g = 1.94 Fe-S center (212).
The number and type of Fe-S clusters (2Fe or
4Fe) in adenylyl sulfate reductase are not
known.

In the aerobic sulfur-oxidizing bacterium
Thiobacillus denitrificans (35) and in the an-
aerobic purple sulfur photosynthetic bacterium
C. vinosum (276), adenylyl sulfate reductase has
been shown to function in the reverse direction,
that is, in the oxidation of reduced sulfur mole-
cules. In both of these organisms the electrons
from the reduced sulfur molecules are used as a
source of reducing equivalents for the auto-
trophic fixation of CO,. The adenylyl sulfate
reductases from Thiobacillus thioparus (211)
and T. denitrificans (35) are also iron-sulfur
flavoproteins, but the purity of these prepara-
tions was apparently not sufficient to allow a
computation of the mole ratio of cofactors to
protein,

Trimethylamine dehydrogenase. This en-
zyme has been isolated from a facultative meth-
ylotrophic organism where it catalyzes the fol-
lowing reaction:

(CH3)sN + H;0 + Xox = (CH;):NH + CH20 + Xeq

Trimethylamine dehydrogenase furnishes this
methylotrophic organism with one-carbon units
for utilization by either the serine or the ribose
phosphate pathway and allows growth on tri-
methylamine. The natural electron acceptor for
this enzyme is unknown, but a flavoprotein has
been suggested for this role (257). For in vitro
reactions, phenazine methosulfate (a flavin an-
alog) is commonly used as the electron acceptor.

The enzyme has a molecular weight of 146,800
(257) and contains a single Fe,S,* cluster (120,
258) in addition to a yellow organic cofactor.
Although the yellow cofactor was originally
thought to be a phosphorylated pteridine deriv-
ative (258), the most recent evidence identifies
it as a flavin which is substituted in a position
other than in the 8-a-methylene location (259).

Chemical reduction of the enzyme with dithi-
onite reveals a simple rhombic EPR signal
(g =2.035, 1.925, and 1.85) due to the iron-sulfur
center having a single unpaired spin. Substrate
reduction, in contrast, first generates the quinol
form of the flavin, followed by an intramolecular
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electron transfer to the iron-sulfur group and an
extensive interaction between the flavin semi-
quinone spin and the reduced iron-sulfur center
spin (259). The formation of the spin-spin inter-
acting species is thought to be the rate-limiting
step in catalysis.

Iron-Sulfur-Heme Enzymes

Sulfite reductase (dissimilatory). The
“sulfur respiratory” process, which starts with
reduction of sulfate to sulfite (see discussion on
adenylyl sulfate reductase above), continues
with the reduction of sulfite to trithionite
(S306”") by sulfite reductase, trithionite to thio-
sulfate (S;0;°") by trithionite reductase, and
thiosulfate to sulfide (S*”) by thiosulfate reduc-
tase (155).

The dissimilatory sulfite reductase (EC
1.8.99.1) of Desulfotomaculum nigrificans (for-
merly Clostridium nigrificans), which is also
called bisulfite reductase because protonated
sulfite is the true substrate, is a brown autooxi-
dizable pigment which has been called P582
(281). It is a 145,000-dalton protein which con-
tains eight atoms of iron, two acid-labile sulfurs,
and a siroheme which is an octacarboxylate iron
tetrahydroporphyrin. Because the molecule con-
tains only two sulfide atoms, the release of these
two sulfides along with two g atoms of iron per
mole of enzyme by ferrous iron chelaters sug-
gests that the iron-sulfur cluster in this enzyme
is of the Fe,S,* type (281). The iron atoms which
are not chelated are responsible for binding the
enzyme inhibitor carbon monoxide. Evidence
from the coliform assimilatory sulfite reductase
(243) (see below) suggests that the siroheme iron
that binds CO is also the site of sulfite binding.
Akagi (4) has reported that ferredoxin is the
physiological electron donor to this enzyme in
D. nigrificans.

The respiratory (or dissimilatory) sulfite re-
ductase of Desulfovibrio organisms is called de-
sulfoviridin (156); it apparently is not an iron-
sulfur protein (155), but it does contain a heme
chromophore thought to be sirohydrochlorin
(190). D. vulgaris does, however, contain an
assimilatory reductase of 23,500 daltons which
has many properties similar to those of the iron-
sulfur-heme respiratory sulfite reductase of D.
nigrificans (155), but iron and sulfide have not
yet been reported in this enzyme.

Iron-Sulfur-Molybdenum Enzymes

This group of enzymes includes nitrogenase,
clostridial formate dehydrogenase, respiratory
nitrate reductase, and a protein of unknown
function from D. gigas.

Nitrogenase. The most important and
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widely studied of the iron-sulfur-molybdenum
enzymes is nitrogenase (EC 1.7.99.2). Nitrogen-
ase catalyzes the reduction of nitrogen gas to
ammonia or, in the absence of N, the ATP-
dependent evolution of hydrogen. The distribu-
tion of the enzyme is restricted to a relatively
few species of procaryotes, i.e. Azotobacter, Ba-
ctllus, Clostridium, Klebsiella, Rhizobium bac-
teroids from leguminous plants, Mycobacterium,
Spirillum, photosynthetic bacteria, cyanobac-
teria, and a few other miscellaneous organisms
(324). One is struck by the fact that the nitro-
genases from these various sources are remark-
ably similar.

Although N is the normal substrate for nitro-
genase, other compounds, such as nitrites, iso-
cyanides, azides, nitrous oxide, and alkynes, are
also reduced (114). One alkyne, acetylene, has
been particularly useful in assays for nitrogenase
because it can be detected by gas chromatogra-
phy with great sensitivity (73).

Nitrogenase is composed of two different con-
stituents; the smaller component is a simple
iron-sulfur protein called the Fe protein,
whereas the larger component is a more complex
protein containing molybdenum as well as iron-
sulfur groups and is called the MoFe protein.
The number of these constituent proteins in
nitrogenase is not known with certainty, but
ratios of Fe protein to MoFe protein of 1:1 (80,
81, 238) and 2:1 (23, 183, 284, 294) have been
reported.

Fe protein has a molecular weight of 56,000 to
67,000, is composed of two identical polypep-
tides, and contains four nonheme irons and four
acid-labile sulfurs (201). The arrangement of the
irons into a single Fe,S,* cluster is suggested by
(i) the optical spectrum of the thiophenol-ex-
truded iron-sulfur cluster (121) and (ii) the de-
tection of only one species of iron atom by
Madssbauer spectroscopy (82, 250). The reduced
iron-sulfur cluster exhibits an EPR signal at g
= 2.06, 1.94, and 1.87 (82, 203, 205) after the
uptake of 0.2 to 0.8 electrons (203, 205, 251).
Magnesium-ATP alters the characteristics of
the iron-sulfur cluster of Fe protein in the follow-
ing ways: (i) the E,, is shifted from —294 to —402
mV (325); (ii) the symmetry of the EPR spec-
trum becomes more axial (81, 193, 203, 251, 323,
326); and (iii) the irons become more sensitive
to an iron chelater (298, 299) and a thiol reagent
(278, 285). There are apparently binding sites
for two magnesium-ATP’s on the Fe protein
(277, 286, 323, 326).

MoFe protein has a molecular weight of
200,000 to 230,000 and is composed of four sub-
units (201), which are large enough to be seen in
electron micrographs of the protein (256). In A.
vinelandii and most other organisms, the MoFe
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protein subunits are present in an azf; structure
(201), but the protein from Rhizobium japoni-
cum is apparently a tetramer of identical sub-
units (130). The cofactor content of MoFe pro-
tein is not precisely known because preparations
are frequently contaminated with denatured
proteins which have a lowered metal content
and also because analytical errors prevent the
absolute precision needed in quantitating the
large numbers of iron and sulfides in this protein.
Some examples of reported values are shown in
Table 5.

The organization of these cofactors in MoFe
protein is not precisely known, but there is some
information available on this point. First, Moss-
bauer spectroscopy suggests that the iron atoms
are grouped into at least three and possibly four
distinct units (82, 250). Only one center, account-
ing for eight iron atoms, changes its properties
during turnover of the enzyme (189, 251). Sec-
ond, Stasny et al. (256) have suggested from
data based upon electron micrographs that each
of the four subunits of MoFe protein has an
electron-dense region of heavy metals near its
center.

A more recent approach in studying the dis-
tribution of metals in MoFe protein has been to
isolate the enzymatically active cofactor intact
(Mossbauer and EPR spectroscopy were used to
determine whether the cofactor was in its native
state). This iron-molybdenum-containing cofac-
tor was isolated as a low-molecular-weight unit
called FeMoCo (220, 237). Although some of the
iron atoms in MoFe protein appear to be in
Fe,S* clusters which are distinct from FeMoCo
(220, 237), FeMoCo itself contains Fe, S, and
Mo in a ratio of 8:6:1 such that either MoFe pro-
tein has two FeMoCo units and each FeMoCo
contains one molybdenum or, alternatively,
FeMoCo contains two molybdenums (220).

MoFe protein has also been extensively stud-
ied by using EPR techniques. The dithionite-
reduced state of the protein exhibits EPR reso-
nances near g = 4.3, 3.7, and 2.01 (201), but the

TABLE 5. Cofactor content of nitrogenase MoFe

protein
No. of:
Organism Refer-
Mo Fe s> ©Pce
Chromatium vinosum 2 14 11 96
Clostridium pasteurianum 2 24 24 126
2 24 6 181
1 14 16 64
2 20 20 183
Azotobacter vinelandii 1.5 24 20 145
2 24 24 189
Klebsiella pneumoniae 1 17 17 82
Rhizobium bacteroids 1.3 29 26 130
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exact value depends upon the origin of the pro-
tein and the pH (251). FeMoCo has an EPR
spectrum similar to that of MoFe protein (220).
Isotope substitutions with Mo and *'Fe (96,
183, 189, 205, 251) suggest that the EPR reso-
nance lines observed in the FeMo protein arise
from iron atoms and not from the molybdenum.
The irons are thought to be arranged in a com-
plex which has at least three irons with a net
spin of S = 3/2 (189, 205, 251) and contains two
unpaired electrons per MoFe protein (189) or
one unpaired electron per molybdenum in
FeMoCo (220). The reduced state of MoFe pro-
tein characterized by the EPR signal at g = 4.3,
3.8, and 2.01 is not capable of reducing the
substrates of nitrogenase, but instead MoFe pro-
tein must be reduced further by electrons from
Fe protein to produce a “super-reduced” state of
MoFe protein,; this reduction is accompanied by
a loss of the EPR signals (96, 183, 184, 203, 251,
323) and the uptake of four additional electrons
(184, 300).

The enzymatic mechanism of nitrogenase is
shown in Fig. 10. In this scheme, electrons from
reduced ferredoxin enter nitrogenase on the Fe
protein component, which then combines with
two magnesium-ATP molecules (277, 284, 323,
326). The reaction of the reduced Fe protein
with magnesium ATP causes a shift in the E,, of
the Fe,S,* cluster of Fe protein from —294 to
—402 mV (325). The magnesium-ATP-Fe pro-
tein complex transfers electrons to MoFe protein
with the splitting of the y-phosphate from ATP
to given an optimum efficiency of one electron
transferred for two ATPs split (160, 302). The
operational midpoint oxidation-reduction poten-
tial of the MoFe protein is not known with
certainty, but it must be more negative than
—260 mV because the EPR signals develop (in
part) with this E,, (6), whereas the transition to
super-reduction exhibits a loss in paramagne-
tism. It is tempting to attribute the —460-mV E,,
observed for the overall nitrogen-fixing reaction
(92) to the super-reduced state of MoFe protein.

Nitrate reductase (dissimilatory). Respi-
ratory nitrate reductase (EC 1.9.6.1), like respi-
ratory sulfite reductase, is an enzyme used by
anaerobic bacteria to dispose of excess reducing

Mg-ADP+Pi
Ferreddxin, o4 Fe pro!om>I FeMo™ protein. N=N,CHZCHor HY
Ferredoxin,, (Fe_ protein ’ <FeMo pvo'ein> <2NH1. CoHqorH,
Mg-ATP
Fi1G6. 10. Mechanism of nitrogenase turnover.

ADP, Adenosine 5'-diphosphate; Pi, inorganic phos-
phate.
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equivalents by depositing them on an inorganic
ion. Because this enzyme is membrane bound
and linked to the electron transport chain
through cytochromes, the solubilized enzyme
may or may not be found to contain hemes as a
subunit; we have chosen to include the enzyme
in this section with the iron-sulfur-molybdenum
enzymes because the cytochrome may be an
adventitious component.

The respiratory-linked nitrate reductase sol-
ubilized from K. aerogenes by deoxycholate ap-
pears in two forms, nitrate reductase I and ni-
trate reductase II (227). Nitrate reductase I is
composed of three different subunits of 117,000,
57,000, and 52,000 daltons in a ratio of about 1:1:
2. Nitrate reductase II is smaller and appears to
be missing the two brown 52,000-dalton subunits
which have been proposed to couple electron
flow to cytochrome bss in this organism (227).
The cofactors in nitrate reductase I are 0.24 Mo,
8 Fe, and 8 S, and, in addition, there are four
irons not bound to sulfide (226). These cofactors
are responsible for EPR signals due to Mo(V)
and an iron-sulfur cluster(s) of unknown sym-
metry (at g = 2.015) in the oxidized enzyme and
Mo(III) and ferredoxin-like iron-sulfur signals
(& = 2.05, 1.95, and 1.88) in the reduced enzyme.

In E. coli the respiratory nitrate reductase has
been solubilized by various techniques, and the
resulting enzyme has different properties in each
case (164). The enzyme appears to contain three
different subunits; subunit A has a molecular
weight of 142,000 and contains the catalytic site,
subunit B has a molecular weight of 58,000 and
appears to be the membrane attachment site,
and subunit C (the cytochrome b peptide), when
present, has a molecular weight of 19,500 (86,
164, 166-168). Evidence that the B subunit is
involved in membrane attachment is that solu-
bilization of the enzyme by heat treatment ap-
pears to be the result of proteolysis, and it is the
B subunit which is degraded without loss of
enzymatic activity (164, 166). The necessity for
the cytochrome b component of the E. coli en-
zyme is questionable since many of the reported
preparations do not contain hemes (99, 140, 164,
166, 168).

If it is assumed that the core enzyme consists
of one A and B subunit (61, 168), the cofactor
content from two different preparations has
been reported to be 1 Mo, 12 Fe, and 12 S*
(164) and 1.5 Mo, 20 Fe, and 19 S, respectively
(99). Both the molybdenum and iron-sulfur clus-
ters of the enzyme have been studied by EPR
techniques. Oxidized nitrate reductase exhibits
an EPR signal at g = 2.005 due to iron-sulfur
clusters and a complex signal near g = 1.988 due
to Mo(V) (71), but the complexity of the molyb-
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denum signal [presumably due to Mo(V)—,H’
hyperfine splitting] was eliminated by recording
the spectrum in D,0, which revealed a simple
rhombic symmetry with g values of 1.999, 1.985,
and 1.964 (38). Reduction of the enzyme was
accompanied by a loss of the signal from molyb-
denum (38) and the appearance of two different
EPR signals from the iron-sulfur clusters (71).
The type I iron-sulfur signal exhibited g values
of 2.047, 1.889, and 1.861, whereas the type II
signal had peaks at g = 2.030 and 1.942 (71).

The nitrate reductase of Micrococcus denitri-
ficans has also been solubilized and studied.
This 160,000-dalton enzyme contains 0.4 Mo, 8
Fe, and 8 S*~ (100, 153) and exhibits EPR signals
(100) similar to those of the E. coli enzyme.

CO; reductase (formate dehydrogenase).
Ferredoxin-dependent formate dehydrogenase
in clostridia is believed to function primarily in
the reduction of CO, to formate (273). Because
of its physiological function, this enzyme is com-
monly called CO, reductase or more correctly,
ferredoxin-CO. oxidoreductase. Although the
enzyme in C. pasteurianum has always been
known to be extremely sensitive to oxygen (a
trait common to many Fe-S proteins), it has
only recently been isolated and shown to contain
iron, sulfide, and molybdenum (232). These co-
factors occur in a ratio of 24:24:1 based on a
molecular weight of 118,000 for the enzyme,
which is composed of two subunits with molec-
ular weights of 34,000 and 86,000. Although EPR
data are not yet available to implicate the iron
and sulfide in the electron transfer process, there
is evidence for the participation of Mo in the
catalytic mechanism, which comes from the ob-
servation that both the synthesis and activity of
CO, reductase require the presence of molyb-
denum in the growth media (273).

Clostridium thermoaceticum also contains
CO. reductase, but unlike the CO, reductase of
C. pasteurianum, the enzyme from this orga-
nism uses reduced nicotinamide adenine dinu-
cleotide phosphate (NADP) rather than ferre-
doxin as a reductant (12). Furthermore, the cells
require both molybdenum and selenium for the
formation of the enzyme. Although the CO; re-
ductase from C. thermoaceticum has been puri-
fied (it is composed of several soluble isozymes
of about 300,000 daltons), there is, as yet, no
indication that it is an iron-sulfur enzyme.

Iron-sulfur molybdoprotein of unknown
function. An iron-sulfur molybdoprotein has
been isolated recently from D. gigas by Moura
et al. (185); it showed no activity when assayed
for either sulfite reductase activity or formate
dehydrogenase activity. The protein is a single
120,000-dalton polypeptide containing 1 molyb-
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denum, 20 nonheme irons, and 20 acid-labile
sulfurs. The iron-sulfur groups appear to be
Fe,S,* clusters which give two types of EPR
spectra, depending on the temperature at which
the EPR spectrum is recorded. One center,
which can be resolved at relatively high temper-
atures (70°K), has a rhombic signal with g values
of 2.02, 1.94, and 1.93. Below 55°K a second iron-
sulfur signal is observed with an additional ab-
sorption band at g = 2.06 (185). The molybde-
num component of this protein has a complex
signal near g = 1.98. Although the biological
function of this protein remains unknown, it
shows certain physical similarities to xanthine
oxidase.

Iron-Sulfur Enzymes with Two or More
Additional Cofactors

Sulfite reductase (assimilatory). Unlike
the respiratory sulfite reductase of the sulfur-
reducing bacteria, the assimilatory enzyme re-
duces sulfite all the way to sulfide in a single,
six-electron transfer step in which no interme-
diate compounds are released. Hydrogen sulfide
is used by the cell for the biosynthesis of iron-
sulfur cofactors and sulfur-containing amino
acids and does not accumulate. The most thor-
oughly studied bacterial assimilatory sulfite re-
ductase is the enzyme from E. coli described in
an elegant series of experiments carried out by
Siegel and his co-workers (97, 242-245). This
soluble 680,000-dalton protein is composed of
eight 60,000-dalton polypeptides and four
55,000-dalton subunits with four FAD and four
FMN groups distributed over the eight large
subunits. A total of 16 nonheme irons, 14 acid-
labile sulfurs, and 4 sirohemes are bound to the
four smaller subunits (97, 242, 245). The enzyme
can be separated by urea into two functional
“subenzymes,” with partial reactions; these are
a flavoprotein which contains the FAD and
FMN and a hemoprotein containing the Fe-S
and heme groups (242). The flavoprotein only
shows nicotinamide adenine dinucleotide phos-
phate, reduced form (NADPH) diaphorase and
transhydrogenase activities. The FAD is
thought to cycle between the fully oxidized and
the fully reduced states, whereas FMN cycles
between the fully reduced and the semiquinone
forms (244). The hemoprotein catalyzes the re-
duction of SOs*~ to H;S but only with reduced
methyl viologen as an electron donor (NADPH
does not serve as an electron donor to hemopro-
tein).

The iron and sulfide of sulfite reductase re-
duced by NADPH show a typical g = 1.94 EPR
signal and appear to exist in Fe,S,* clusters,
since there is one unpaired electron spin pro-
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duced for every four Fe/S (228). The hemopro-
tein subenzyme is believed to contain a single
Fe,S,* center and a single heme per 55,000-dal-
ton subunit. In summary, it has been proposed
that the intramolecular electron flow in sulfite
reductase is as follows:

NADPH — ?AD — FMN — Fe/S — heme: — S0

sulfite reductase
However, it is also pointed out that the data are
consistent with a number of branched electron
flow schemes (228).

Coliform formate dehydrogenase. During
anaerobic growth of E. coli in the presence of
nitrate, a process known as nitrate respiration
occurs and nitrate functions as the terminal ac-
ceptor of electrons from formate. Electron flow
from formate is mediated by a membrane-bound
enzyme complex that includes formate dehydro-
genase, quinone, and nitrate reductase (87). The
coliform formate dehydrogenase, unlike the
Pseudomonas enzyme, does not contain flavin;
instead, it contains heme, molybdenum, and se-
lenium as cofactors (86, 87), making it perhaps
the most complicated of all metalloenzymes.
The formate dehydrogenase from E. coli is sol-
ubilized from the membrane with cytochrome &
as a subunit (87, 159, 236). The molecular weight
of the enzyme is about 590,000, and the enzyme
is composed of 110,000-, 32,000-, and 20,000-dal-
ton peptides, which are present in a ratio of
approximately 1:1:1 (87). The cofactors are in
the relative ratio of approximately 1 heme to 1
molybdenum to 1 selenium to 14 nonheme irons
to 13 acid-labile sulfurs. Because there is one
heme for approximately 154,000 daltons, the en-
zyme must exist as a basic tetramer; i.e., the
enzyme contains four copies of each of three
subunits. The selenium is covalently bound to
the largest subunit, but it is not yet known if
selenium participates in enzyme catalysis. The
electron transport pathway from formate to ni-
trate can be depicted as follows:

HCOOH — (heme, Se, Mo, Fe/S) — quinone
formate dehydrogenase

— (Mo, Fe/S, heme) - NO3~
nitrate reductase
The order in which the electron-carrying cofac-
tors in the two enzymes are arranged is not
intended to indicate the order in which they
transfer electrons in the enzyme, as little is
known on this point.

Xanthine dehydrogenase. Unlike the more
thoroughly studied milk xanthine oxidase, the
enzyme from anaerobic bacteria does not require
oxygen and is therefore a dehydrogenase instead
of an oxidase (254). The reaction catalyzed by
the bacterial xanthine dehydrogenase (EC
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1.2.1.37) is as follows:
xanthine + X, = uric acid + Xreq

Evidence has been presented which suggests
that xanthine dehydrogenase in anaerobic bac-
teria functions as a ferredoxin reductase; thus,
X in the equation above would represent ferre-
doxin (254, 291).

The soluble xanthine dehydrogenase from M.
lactilyticus (formerly Veillonella alcalescens)
has a molecular weight of about 250,000 and
contains as cofactors Fe, S, FAD, and Mo in a
ratio of 8:8:2:2 (65, 254). These values are similar
to those found for milk xanthine oxidase and
chicken liver xanthine dehydrogenase. Because
the bacterial enzyme is insensitive to inhibition
by cyanide (254), the presence of a persulfide
group, as found in the milk enzyme (171), was
questioned; however, Dalton et al. (65) reached
a different conclusion based on EPR studies.
Although the oxidized enzyme apparently con-
tains Mo(VI), substrate reduction leads to the
rapid appearance of Mo(IV) and Mo(V) (with
EPR signals at g = 1.99 and 1.968), flavin free
radicals (g = 2.004), and reduced iron-sulfur
clusters with axial symmetry (g = 2.026, 1.94,
and 1.925).

The presence of xanthine dehydrogenase in
various clostridia and pseudomonads allows
these bacteria to grow on purines as a source of
carbon and nitrogen. The enzyme from Clostrid-
tum cylindrosporum (36) contains as cofactors
Fe, FAD, and Mo in a ratio of 8:3:1. Xanthine
dehydrogenase from Pseudomonas acidovorans
(247) was shown to be a 275,000-dalton protein
composed of two 81,000-dalton and two 63,000-
dalton subunits.

The enzyme mechanism of the bacterial xan-
thine dehydrogenase is presumably similar to
that of the milk enzyme. The milk xanthine
oxidase is thought to utilize the persulfide group
in a nucleophilic attack of the aromatic ring (83),
with simultaneous transfer of electrons to mo-
lybdenum, which changes between the Mo(VI)
and Mo(IV) oxidation states (198). The two iron-
sulfur clusters of the milk enzyme serve to buffer
the electron transfer between the molybdenum
center and FAD where oxygen (or electron car-
riers in the case of bacteria) removes the elec-
trons from the FAD anion radical (FAD-) (198).
Although the intramolecular electron transfer
occurs too rapidly to be measured, the steady-
state electron distribution appears to follow from
the E,’s of the centers, and one possible mech-
anism is shown below:

substrate z FeS, s Oz or Fd
Mo \"—' — flavin
products > Fesu% products
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FERREDOXIN-DEPENDENT REACTIONS

Over the last 15 years the elucidation of the
anaerobic biochemical processes carried out by
the clostridia have essentially been studies of
reactions catalyzed by iron-sulfur proteins. Ini-
tially, nitrogenase and all of the reactions feeding
electrons to this enzyme (through ferredoxin)
were shown to be iron-sulfur proteins (45, 290,
320). These enzymes include pyruvate dehydro-
genase, hydrogenase, xanthine dehydrogenase,
and formate dehydrogenase. The importance of
iron-sulfur proteins in electron transport is seen
in the reconstituted pyruvate dehydrogenase-ni-
trogenase system of C. pasteurianum, where
these proteins form an anaerobic electrical con-
duit composed strictly of iron-sulfur centers (Fig.
11). In the obligate anaerobes, such as the clos-
tridia and Desulfovibrio, the physiological reac-
tions of the cell all operate at negative oxidation-
reduction potentials. In this environment, the
iron-sulfur proteins with their generally negative
E,’s are especially well suited to operate as
enzymes and electron carriers between the en-
zyme systems of catabolism and anabolism.

Clostridia

Ferredoxin plays a central role in almost every
aspect of the redox-related metabolism of the
clostridia. Its role in hydrogen and nitrogen me-
tabolism was mentioned above, but it is also
involved in purine, sulfur, and one-carbon me-
tabolism. The central position of ferredoxin in
linking the catabolic reactions of fermentation
to the biosynthetic reactions of C. pasteurianum
is shown in Fig. 12.

The reduction of ferredoxin coupled to the
phosphoroclastic cleavage of pyruvate by the
glucose-fermenting saccharolytic clostridia has
long been known to be a mechanism of ferre-
doxin reduction (182), but only in recent years
has the role of NAD-linked glyceraldehyde
phosphate dehydrogenase and NADH-ferre-
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doxin oxidoreductase been established as an
equally important mechanism for the reduction
of ferredoxin (134). This reaction is summarized
as follows:

glucose —— glyceraldehyde
phosphate

glyceraldehyde
phosphate dehydrogenase

NADH-Fd
—_—
reductase

NADH Fdrea

In Clostridium kluyveri, an organism which
grows on ethanol, acetate, and CO., reduced
ferredoxin is generated solely via NADH or
NADPH, which couples electron flow to ferre-
doxin via an NAD(P)H-ferredoxin oxidoreduc-
tase (133). C. acidi-urici, C. cylindrosporum, V.
alcalescens, and numerous other obligate anaer-
obes generate reduced ferredoxin by reactions
coupled to purine degradation (297). These re-
actions include the oxidation of such purine deg-
radation products as xanthine, hypoxanthine,
and 8-hydroxypurine. An example of this type of
purine degradation coupled to ferredoxin reduc-
tion is shown in the following equation:

NH,*
. A R . xanthine ..
guanine - xanthine ah . Fd,eq + uricacid
deaminase

Formate oxidation also provides numerous an-
aerobic bacteria with reduced ferredoxin to be
used for biosynthetic processes. Formate is avail-
able to these anaerobes as a by-product of fer-
mentation. Ferredoxin-linked formate dehydro-
genase has been found in C. pasteurianum (290)
and C. acidi-urici (138). Other anaerobes, such
as C. thermoaceticum (271) and the S organism,
a syntroph isolated from Methanobacillus ome-
lianskii (221), reduce ferredoxin from formate
via a pyridine nucleotide as follows:

MgADP + Pi
Co A + Pyruvate (Fo.:.) " (F“S*Q)z (;,.3.) (FenSo)n N=N+HY
(ox! Fes-Se-M
> ( X " * (red) °
X
Acetyl Co A+ CO2 (FuSa)n (Focsf) 2 (Fugo) (FQnSn)n NH:
(red) (ox) (red) Fes-Se-Mo
(ox)
MgATP
Pyruvate Ferredoxin Nitrogenase
dehydrogenase

Fi1c. 11. Anaerobic electron transport system (between pyruvate and N,) involving only iron-sulfur centers.
ADP, Adenosine 5'-diphosphate; Pi, inorganic phosphate.
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NADH
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Pyruvate
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Fi16. 12. Ferredoxin-dependent metabolism of C. pasteurianum growing on glucose. Enzyme 1, nitrogenase;
enzyme 2, reduced ferredoxin-CO, oxidoreductase; enzyme 3, reduced ferredoxin-NADP oxidoreductase;

enzyme 4, sulfate reductase.

formate formate
—_—
dehydrogenase
NAD(P)H NAD(P)H-Fd | Fdrea

reductase

In considering the enzyme reactions of the
clostridia that oxidize ferredoxin, the biosyn-
thetic reactions, such as N,, CO,;, SOs*", and
NO,™ reduction, will be discussed. However, be-
fore these biosynthetic reactions are discussed,
another ferredoxin-oxidizing reaction vital to the
survival of these obligate anaerobes must be
discussed, and that is H; evolution. The fermen-
tative growth on carbohydrates generates excess
reducing equivalents (reduced ferredoxin) which
are disposed of by hydrogenase, which catalyzes
the reduction of H* to H, as follows:

Fdo + 2H* SYUIOBENE% 4t Fdo
When the ferredoxin in this metabolic reaction
is reduced by pyruvate or xanthine dehydrogen-
ase, we have yet another example of an anaero-
bic electron transport chain composed predom-
inantly of iron-sulfur centers. The physiological
significance of hydrogenase operating in the re-
verse direction to reduce ferredoxin is a matter
of speculation, and in this vein one can well
imagine this enzyme functioning in this direction
to modulate the internal oxidation-reduction
state of a cell under conditions of carbohydrate
limitation.

Both NAD and NADP can be reduced by H,
in extracts of the various clostridia (290), but
thete reactions appear to be of limited physio-
logical significance, as ATP formation is obliga-
torily linked to H, formation in these organisms.
NADP reduction in the clostridia is catalyzed by
NADPH-ferredoxin reductase, and this enzyme
preferentially catalyzes electron transfer from
reduced ferredoxin to NADP, thus making it an
anabolic process (134, 275).

Ferredoxin-linked CO, fixation in various spe-
cies of clostridia has received considerable atten-
tion in recent years (44, 274). The first evidence

that reduced ferredoxin could drive the reduc-
tive synthesis of pyruvate from acetyl-CoA and
CO, was presented by Bachofen et al. (14), who
used cell-free extracts of C. pasteurianum in a
reaction presumed to be catalyzed by pyruvate-
ferredoxin oxidoreductase (pyruvate dehydro-
genase). The reaction showing the carboxylation
of acetyl-CoA with electrons from reduced fer-
redoxin is as follows:

acetyl-CoA + CO: + Fd.a — pyruvate + CoA + Fdx

Although this reaction is of dubious physiologi-
cal significance to C. pasteurianum, it is essen-
tial for the synthesis of pyruvate by C. kluyveri,
an organism which grows on acetate, ethanol,
and bicarbonate.

Other miscellaneous biosynthetic reactions
catalyzed by reduced ferredoxin include the syn-
thesis of formate catalyzed by CO. reductase
(this enzyme appears to be the formate dehydro-
genase functioning in reverse). This reaction has
been shown to occur in C. pasteurianum (132)
and C. acidi-urici (272). The enzyme(s) which
catalyzes the reduction of hydroxylamine and
nitrite to ammonia in C. pasteurianum is also
reported to be ferredoxin dependent (292), but
it has not yet been isolated. In Clostridium
perfringens the reduction of nitrate to nitrite is
catalyzed by a ferredoxin-dependent nitrate re-
ductase (60). NADH appears to function as the
reductant precursor for the reaction sequence by
utilizing NADH-ferredoxin reductase, as shown
in the following reaction:

NADH-Fd nitrate
NADH reductase ™ reductase
NO:)— b d NOz—
Desulfovibrio

The growth of Desulfovibrio on H; and sulfate
as the sole energy source (255) suggests a role
for low-potential electron transport carriers such
as ferredoxins and indicates that ATP genera-
tion in these organisms can be coupled to elec-



VoL. 43, 1979

tron transport. In discussing the ferredoxin-de-
pendent reactions of these anaerobic sulfate-re-
ducing bacteria, it should be recalled that they
all appear to have Fe,S,* ferredoxins (40, 50,
322) and that the ferredoxin from D. gigas is a
6,000-dalton Fe,S,* protein which functions in
several different polymeric forms, each with a
different set of redox characteristics (40, 50, 187).
These sulfate-reducing bacteria also contain a
low-potential c-type cytochrome (cytochrome
¢3), which in D. gigas complexes with the tetra-
meric form of ferredoxin (186); together these
catalyze a number of important energy-related
reactions.

The role of ferredoxin in the critical sulfur
metabolism of Desulfovibrio was shown by
LeGall and Dragoni (157), who demonstrated
that ferredoxin was required for the transfer of
electrons from the H,/hydrogenase cycle to sul-
fate. Suh and Akagi (263) extended this obser-
vation by showing that sulfate reduction in D.
vulgaris by H, required both ferredoxin and
cytochrome c3. Of the three enzymes involved in
this reaction, dissimilatory sulfite reductase, tri-
thionite reductase, and thiosulfate reductase,
only the last has been shown to accept electrons
from ferredoxin. These reactions are shown in
Fig. 13.

Another reaction of Desulfovibrio requiring
both cytochrome c; and ferredoxin is the phos-
phoroclastic cleavage of pyruvate coupled to the
evolution of H; (5). This sequence is also shown
in Fig. 13.

Both 2,4-dinitrophenol inhibition of sulfate
reduction by H, (210) and growth experiments
(255) strongly suggest that (ferredoxin-me-
diated) dissimilatory sulfate reduction is coupled
to phosphorylation; however, the site of energy
conservation has not yet been determined.

Moura et al. (187) have suggested that in D.
gigas a single 6,000-dalton ferredoxin can service
both pyruvate dehydrogenase (E,, =~ —600 mV)
and the thiosulfate reductase system (E,, =~ —110
mV) because the monomeric ferredoxin can po-
lymerize into three different forms, with the
Fe(S,* cluster stabilizing in three very different
oxidation-reduction states depending on the pol-
ymer formed. Thus, the trimer (ferredoxin I),
which stabilizes almost exclusively in the -2 =
—3 oxidation states with an E, = —455 mV,
functions better than other forms of the ferre-
doxin in coupling electron flow from pyruvate

Pyruvate «—e Fdl

Cyto ¢ h :::en- H:

5:05°
? ,)7-delll/
50,"s
ATP ADP

Fi1G. 13. Role of ferredoxin in metabolism in De-
sulfovibrio. ADP, Adenosine 5'-diphosphate.
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dehydrogenase. The tetramer (ferredoxin II), on
the other hand, which stabilizes in the —1 =
—2 state, has an E,, = —130 mV and is most
efficient in the reduction of sulfite to sulfide
(187) (Fig. 13).

Photosynthetic Bacteria

Ferredoxin is found in all photosynthetic bac-
teria as both a soluble and a membrane-bound
electron carrier (311). Although ferredoxin plays
a central role as a reductant in many of the
reactions vital to photosynthetic bacteria, such
as H, metabolism, N fixation, pyridine nucleo-
tide reduction, and CO: fixation, there is little or
no information as to its mode of reduction. Only
in Chlorobium limicola (formerly Chlorobium
thiosulfatophilum) has it been possible to dem-
onstrate the formation of reduced ferredoxin in
a cell-free light-dependent reaction (93). The
lack of evidence for the direct light-dependent
reduction of ferredoxin by the purple bacteria is
consistent with evidence that the primary elec-
tron acceptor in the photosynthetic process of
these bacteria has an oxidation-reduction E,, of
approximately —150 mV (79), far too electro-
positive to reduce ferredoxin, whose E, =~ —400
mV. The photoreduction of NAD (E,, = —320
mV) by chromatophores of these organisms is
believed to occur.via reverse electron flow in
which ATP or the energized membrane drives
electrons against the thermodynamic gradient
from succinate (the electron donor) to NAD.
The fact that uncouplers (agents that block en-
ergy transduction but not cyclic electron trans-
port) inhibit the photoreduction of NAD sup-
ports this theory (139). The mechanism of fer-
redoxin reduction therefore remains an enigma.

Although the reduction of ferredoxin by pho-
tosynthetic bacteria is not understood, it is
known to couple H; uptake to NAD reduction
(46) and to couple electron flow to the nitrogen-
ases of Chromatium (312) and R. rubrum (314).
Of a four-iron ferredoxin and an eight-iron fer-
redoxin found in R. rubrum (315), the artificially
reduced eight-iron protein was several times
more effective in coupling electron flow to nitro-
genase (314).

Ferredoxin-linked CO, fixation has also been
demonstrated in numerous photosynthetic bac-
teria and other obligate anaerobes. Reduced fer-
redoxin catalyzes what is believed to be a rever-
sal of the phosphoroclastic reaction for the syn-
thesis of pyruvate from acetyl-CoA and CO.
(14). Other acyl-CoA derivatives, including suc-
cinyl-CoA (90), propronyl-CoA (43), and phen-
ylacetyl-CoA (104), have been demonstrated to
undergo reductive carboxylation by various en-
zyme preparations from photosynthetic bacte-



408 YOCH AND CARITHERS
ria. The following equation summarizes these
reactions:

acyl-CoA + Fdred + CO: — a-keto acid + CoA + Fd.x

The ferredoxin-dependent carboxylations of
acetyl-CoA and succinyl-CoA, along with two
other carboxylating enzymes, isocitrate dehy-
drogenase and phosphoenolpyruvate carboxyl-
ase, form the basis of a CO: fixation cycle called
the reductive carboxylic acid cycle (44). In at
least one photosynthetic organism, C. limicola
(C. thiosulfatophilum) this, rather than the re-
ductive pentose cycle (Calvin cycle), is believed
to predominate as the means of CO, fixation by
this photoautotroph (248). For a detailed discus-
sion of ferredoxin-linked carboxylation reac-
tions, see the review by Buchanan (44).

Aerobic Bacteria

The transport of electrons at a low oxidation-
reduction potential in aerobic microorganisms
poses problems not encountered in their anaer-
obic counterparts. Because ferredoxins are
highly auto-oxidizable, the aerobe must devise
a mechanism to protect the iron-sulfur electron
carrier from oxidation by O,. It is conceivable
that O; may not be a problem if the reductases
that normally oxidize the ferredoxins have a
higher affinity for the electrons than does O,.
Aerobic cells, however, have mechanisms to pro-
tect other iron-sulfur proteins, such as nitrogen-
ase, from O, and such protective mechanisms
may also apply to the ferredoxins. In A. vinelan-
dii, highly active O.-consuming respiratory en-
zymes in the vicinity of nitrogenase are believed
to be one way in which the cell protects that
enzyme (76) and, presumably, the electron car-
riers which transport electrons to it.

Ferredoxin and a ferredoxin-dependent reac-
tion in an obligate aerobic bacterium was first
reported from P. putida, where it participates in
the hydroxylation of camphor (63, 136) (the
degradation of camphor can provide this orga-
nism with a source of both carbon and energy).
Analogous to the rubredoxin-dependent w-hy-
droxylase system of P. oleovorans (Fig. 6), the
hydroxylase of P. putida requires O, and reduc-
ing equivalents. The electrons for this reaction
are provided by P. putida ferredoxin (formerly
known as putidaredoxin). The electron flow in
this reaction proceeds as follows:

NADH-Fd e
Fd = ‘cam

Nitrogenase is another enzyme which occurs
in a few species of aerobic bacteria and which
requires reduced ferredoxin as a source of reduc-
ing power. A. vinelandii (317), Rhizobium bac-
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teroids (305, 316), and M. flavum (34) have all
been shown to use a ferredoxin to drive their
respective nitrogenase reactions. Compared with
the anaerobes, such as clostridia, there is com-
paratively little known about these ferredoxin-
dependent electron transport processes in aero-
bic bacteria. Of significance is the fact that res-
piration is the primary mode of energy metabo-
lism in these organisms, with reduced pyridine
nucleotides being the primary source of reduc-
tant for biosynthesis. It has long been apparent
that the substrates and dehydrogenases that
reduce clostridial ferredoxin are not operative in
these aerobes.

Reduced pyridine nucleotides have been used
to couple electron flow to the nitrogenases of A.
vinelandii (21) and Rhizobium bacteroids (305);
however, in both cases the rate was very low. A
more active electron donor system included an
exogenously added NADP-ferredoxin reductase
(from spinach chloroplasts) and a combination
of ferredoxin and flavodoxin in addition to the
reduced pyridine nucleotide. Although this sys-
tem is highly artificial, the reactions may be
viewed as follows:

NADPH-Fd

NAD(PH reductase

Fd, flavodoxin e nitrogenase

The sequence of carriers is not known since both
are reduced by the plant reductase. Although
these reduced carriers individually donate elec-
trons to nitrogenase if artificially reduced by
illuminated chloroplasts (148, 317), their activity
is more than additive in the pyridine nucleotide-
driven system. Haaker and Veeger (112) have
presented an alternative hypothesis for the re-
duction of A. vinelandii nitrogenase, which in-
volves only the flavodoxin and a hypothetical
membrane-bound flavodoxin reductase. As in
the photosynthetic bacteria, the mechanism of
ferredoxin (and flavodoxin) reduction in aerobes
remains unknown. ‘

Nitrate reductase in Azotobacter is also fer-
redoxin dependent (279). Previous work has
shown that reduced pyridine nucleotide cannot
provide reductant for this reaction unless chem-
ically reduced benzyl or methyl viologen is pres-
ent (110). By using the chloroplast technique
(312) to photoreduce Azotobacter chroococcum
ferredoxin, Guerrero et al. (110) were able to
show that the native ferredoxin served as the
intermediate electron donor for the reduction of
nitrate. Nitrate is reduced by the following re-
actions:

chloroplasts NOs~
reduced dye i i Fdreq - nitrate reductase(
light NO,~
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The final group of aerobic bacteria to be con-
sidered is the cyanobacteria. The physiology of
the photosynthetic cyanobacteria, however, is
completely unlike that of either the aerobic bac-
teria or the anaerobic photosynthetic bacteria in
that they carry out a typical plant-type photo-
synthesis (Fig. 14) and are capable of respiration.
Electrons for the reduction of ferredoxin come
from the photooxidation of water and are passed
to ferredoxin via Photosystems I and II. Re-
duced ferredoxin is used to generate reduced
pyridine nucleotides for CO, fixation and other
biosynthetic reactions or is used directly for the
reduction of nitrogenase and nitrite reductase
and for other reactions.

The fact that the blue-green algae (cyanobac-
teria) fix N, in the dark (165) with rates as high
as 50% of those observed in the light indicates
that their respiratory system is capable of gen-
erating both ATP and reductant in substantial
quantity. Anabaena oxidizes both isocitrate
(253) and glucose 6-phosphate (33) in NADP-
linked reactions, and both substrates have been
shown to drive ferredoxin-dependent N fixation
(33, 253). Other enzymes of the pentose phos-
phate cycle in blue-green algae are also known
to reduce pyridine nucleotides. In addition, py-
ruvate (62) and H; (20) can provide reductant
via ferredoxin for the dark fixation of N,. The
reactions that provide reductant by way of fer-
redoxin for the dark fixation of N, by the cyano-
bacteria are summarized in Fig. 15.

Others

Ferredoxin has been shown to play an impor-
tant role in both carbon metabolism and energy
metabolism of such obligate anaerobes as Sar-
cina ventricula, where it couples to the hydro-
genase (260), and Sarcina maxima, where it
functions in pyruvate-driven NADP reduction
(151). In rumen bacteria such as Peptostrepto-
coccus elsdenii and Bacteroides ruminicola, fer-
redoxin provides the high-energy electrons for
the reductive carboxylation of isobutyrate (10)
and succinate (11) for the formation of 2-oxoiso-
valerate and a-ketoglutarate, which serve as pre-
cursors for the biosynthesis of several amino
acids in these organisms.

S organism, an anaerobe which forms a sym-
biotic relationship with a Methanobacterium sp.

0, oCcMU
HZO—/—f— Photosystem IT — e Photosystem T — & Fd —%. NADP

ADP+Pi  ATP

Fi16. 14. Plant-type photosynthetic electron trans-
port to ferredoxin. DCMU, 3-(3,4-dichlorophenyl)-1,1-
dimethyl urea; ADP, adenosine 5'-diphosphate; Pi,
inorganic phosphate.
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Hz
-

Pentose Phosphate e e, e N
Cycle intermediates NAD(P) —= Fd —= Nitrogenase

Pyruvate
F1G. 15. Sources of reducing power for N, fixation
in the dark by cyanobacteria.

in a mixed culture formerly known as Methan-
obacillus omelianskii (42), obtains its energy by
the fermentation of ethanol to acetate and H,
(41). Although the alcohol dehydrogenase is
NAD linked, the organism contains an NADH-
ferredoxin reductase (221, 222) which couples
electron flow to hydrogenase. Furthermore, ac-
etaldehyde, the product of ethanol oxidation, is
oxidized by a ferredoxin-dependent acetalde-
hyde dehydrogenase which also couples to hy-
drogenase, as indicated by the following reac-
tion:

acetaldehyde hydrogenase
acetaldehyde dehydrogenase Fdrea > H,
NADH\  NaDH.Fd
NAD reductase
ethanol

S organism thrives only if the concentration of
H: is kept at a low level. This appears to have
been the function of the methylogenic syntroph,
which consumes H, as a basis of its energy
metabolism (221, 222).

CONCLUDING REMARKS

During the past 15 years our understanding of
the metabolism and biochemistry of procaryotes
has been greatly advanced due to the findings
related to iron-sulfur-containing electron car-
riers and enzymes. Our knowledge of the ferre-
doxins now includes detailed information on
their distribution among the various bacterial
species, their role in specific biochemical proc-
esses, and the physical nature of the two basic
Fe-S prosthetic groups. In brief, the amount of
information now accumulated on ferredoxins is
approaching that of the cytochromes, which sug-
gests that future advances in the study of ferre-
doxins will be of a more esoteric nature. Unlike
the ferredoxins with their two basic types of Fe-
S clusters, the iron-sulfur-containing enzymes
are a much more complicated group of proteins,
with many utilizing both the iron-sulfur clusters
and metal atoms such as molybdenum or possi-
bly selenium in their electron-carrying proc-
esses. Other Fe-S enzymes contain electron-
carrying chromophores, such as flavins and
hemes, or a combination of these electron-carry-
ing groups and metals, a combination which
makes an even more complicated enzyme. It is
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obvious from this discussion that both the struc-
ture and the mechanism of most of these com-
plex iron-sulfur-containing enzymes will require
efforts equal to or greater than those applied to
the two (or three) major classes of ferredoxins
for their elucidation. With more than a dozen of
these multiple-carrier enzymes known to date
(Table 3), another generation of researchers will
surely find challenging problems to solve in the
field of iron-sulfur protein biochemistry.
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ADDENDUM IN PROOF

The Nomenclature Committee of the International
Union of Biochemistry in their 1978 recommendations
on the nomenclature of iron-sulfur proteins (Eur. J.
Biochem. 93:427-430, 1979) state that when the clus-
ter charge is calculated, the cysteine residues linked
to the iron are to be excluded. Therefore, the charge
on the Fe-S cluster of an Fe, ferredoxin, e.g., Bacillus
polymyxa, in its normally isolated oxidized state is
now (+2) instead of (—2) and that of the reduced B.
polymyxa ferredoxin is (+1) instead of (—3). The redox
transitions of the Fe,-S, cluster of the oxidized minus
reduced couple would thus be +3 = +2 instead of —2

= -3.
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